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ABSTRACT

INTRODUCTION: Many of the current biomagnetic measurement system detect only the radial components of the magnetic field to the surface

of the subject. To increase the information of the distribution of the magnetic field over a limited observation area, it is effective to observe the

tangential components of the magnetic field as well as the radial components. METHOD: We developed a SQUID vector gradiometer composed of

one axial-type gradiometric pick-up coil and two planar-type gradiometric pick-up coils arranged in the direction perpendicular to each other. Both

types of the pick-up coils have a baseline with a length of 48 mm so that they can detect the magnetic field from the deep source from the surface of

the subject’s body. To demonstrate the performance of the sensor, we applied it to the measurement of the spinal cord evoked field of a rabbit.

CONCLUSION: We successfully acquired the magnetic field distribution over the cervix of the rabbit induced by the electric stimulation and

observed the propagation of the neuronal signals along the spinal cord in the form of the transition of the vector map and indicated the possibility to

capture the image of not only the primary neuronal current but also the volume current.
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INTRODUCTION

The main purpose of a biomagnetic measurement is noninvasive investigation of the distribution of the current in a living body. Generally, it is

thought that if the more sensors are arranged in a certain area, the more magnetic information are provided. From this point of view, every

manufacturer of SQUID biomagnetometer system is competing to increase the number of the channels. However, the higher limitation of the number

of the sensors is decided by the area of the observed region. If the size of a sensor were reduced, we could arrange more channels in a certain area.

However, its sensitivity tends to be lower. Consequently, the S/N ratio of the measurement decreases. If we intend to increase the number of the

sensors and acquire the more magnetic information beyond this limit, it would be inevitable to locate several sensors partly overlapped. When we put

several sensors at an identical or overlapping position, it is significant to acquire the several independent components of the magnetic field at the

same time. Magnetic fields generated by the neuronal current have both radial component and tangential component to the body. We developed a

SQUID sensor that can detect both components at the same time, which equips one axial- and two planar- type gradiometric pick-up coils.

We already reported a 24-ch SQUID biomagnetometer for the measurement of the spinal cord evoked field (SCEF) with the combination of an

independent axial-type and planar-type gradiometers [Adachi 2002]. The effectiveness of the acquisition of the three components of the magnetic

field had been shown. The novel sensor described in this report has the same outer shape as the conventional axial-type SQUID gradiometer and can

be replaced easily without any large modification of the structure in the cryostat. We replaced the sensors of the SCEF measurement system to the

newly developed one and verified its performance.

METHODS

The SQUID vector gradiometric pick-up coils shown in fig. 1 are composed with niobium wire in the manner of needlework. The two planar-type

pick-up coils were located in concentric arrangement. The area of coils is about 15.5 � 10 mm
2
. The center of the pick-up coil of the axial-type

gradiometer is not identical to the center of the planar-type gradiometers but is located at the bottom of the bobbin to get as close to the magnetic

source as possible. Its diameter is 15.5 mm. The baseline length of all the pick-up coils is 48 mm each

determined by the distance between the sensing coil and the magnetic source. It is long enough to detect the

biomagnetic signals from deep magnetic sources in subjects. Each pick-up coil is connected to an input coil of

an individual double-washer low-Tc SQUID, which is mounted at the head of the bobbin made of glass epoxy.

To demonstrate the performance of the sensor, we applied the new vector gradiometers to the SCEF

measurement system [Adachi 2002] and recorded the SCEF signals of a rabbit. The eight vector gradiometers

were arranged in a 4 � 2 matrix at intervals of 21 mm and installed in a liquid helium cryostat.

The subject was anaesthetized and laid on a non-magnetic xyz stage in a prostrate position. The spine of the

subject was located in the neighbor of y-axis (x = 0). The distance between the spinal cord and the gradiometers

was about 20 mm. The direction of z-axis was defined upward from the back of the subject. The thoracic spinal

cord of the subject was electrically stimulated with 10-Hz square wave pulses whose duration and intensity

were 0.05 ms and 8 mA, respectively. The signals from SQUIDs were filtered with a band pass filter of 100 –

5000 Hz and digitally sampled at the rate of 40 kHz. The responses for 1000 times stimuli were averaged to

improve the S/N ratio. The position of the sensor array was scanned at the intervals of 7 mm in the x and y

directions and the three components of the magnetic signals were acquired at 96 sites (= 8 sites in an array � 12

positions) in the area of about 80 � 50 mm
2
 as a result.

RESULTS

Figure 2 shows the time dependence of the signals detected by x, y, and z gradiometers. We can see the

biphasic and monophasic waveforms traveling along the spinal cord toward the head. According to the shift of

the latency of the peaks indicated by the arrows, the estimated propagation velocity was about 100 – 120 m/s.

The transition of the distribution of the magnetic field over the observation area was shown in fig. 3. The series

Figure 1. (a) The structure of

the gradiometric pick-up coils.

Small arrows indicate the

directions of the coils. (b) A

conceptual drawing of the three-

dimensional vector gradiometric
magnetic sensor.
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of the arrow maps show that there were two rotating distribution of the magnetic field around the spinal cord. Their directions were opposite to each

other. Both of them were moving together along the spinal cord toward the head. The magnetic field at the boundary between the two rotating

distribution, which is clearly located along the line of y = 0 in fig. 3(f), trended negative in y in x < 0 and positive in x > 0. We call this ‘boundary

field.’

DISCUSSION

The two rotating distribution indicate that there were a pair of the current dipoles along the spinal cord as the sources of the magnetic field. The

direction of one of the dipoles was positive in y and the other was negative. Both dipoles were traveling toward the head. Those two dipoles

correspond to the depolarized region propagating along the axon and the following repolarized region, that were suggested in the neuronal current

distribution model proposed in the preceding study [Wikswo 1989]. The propagating velocity is also consistent with the model.

The ‘boundary field’ labeled in the previous section can be accounted in the light of the secondary volume current which flows into the spinal

cord from the extracellular and compensates the primary current through the axon. If the spinal cord and its adjacent organ could be assumed to be a

symmetric and/or homogeneous conductor, the magnetic field induced by the volume current would be all canceled and not be detected over the

surface of the body [Sarvas 1987]. The result of the above measurement suggests that the symmetry of the model cannot always be assumed for the

source analysis for the SCEF measurement and that the conventional equivalent current dipole localization cannot be applied any more. The magnetic

component of the volume current was only observed by the gradiometers for the tangential component. If we replaced the conventional axial-type

gradiometers for the radial component used in existing SQUID measurement systems to the newly developed vector gradiometers, we could acquire

more biomagnetic information from the measurement and the current distribution in a living body would be figured out more precisely. The

development of the new technique of the magnetic source analysis to take the merit of the vector measurement would be an issue in the future.
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Figure 3. A series of the arrow maps which describs the transition of the measured field between the

latencies of 1.3 ms and 2.9 ms. Size and brightness of the arrows indicate the intensity of the

magnetic fields at each site. Every vector map is top view and scaled along with (g). The site
marked by A in (a) is the closest site to the stimulation point and H is the closest to the head.

Figure 2. Time dependence of the three

orthogonal signals observed at the points

indicated by the white letters in Fig. 3(a).

The solid curves correspond to the z

component. The bold and thin broken

curves correspond to the x and y

components, respectively. The lower

waveform is the signal at the site closer to

the stimulation point. The large overshoots

between 0 ms and 1 ms are the artefacts
caused by electric stimulus.
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Low-cost 7-channel Magnetocardiographic System for Unshielded Environment 
Budnyk, �.M., Voytovych, I.D., Minov, Yu. D., Sutkovyi P.G., Primin M.A., Nedayvoda, I.V., Vasyliev, V.V.

Glushkov Institute of Cybernetics, Kyiv, Ukraine  

ABSTRACT 

The purpose of the work was to develop a low-cost system intended for operating at cardiology clinics without magnetic shielding. It was 
installed at Strazhesko Institute for Cardiology (Kyiv, Ukraine). The device consists of 7 channels including 4 signal and 3 reference ones. Signal 
channels are gradiometers  based on relaxation-oscillations SQUIDs, and reference channels are assembled into orthogonal reference vector 
magnetometer (RVM) produced by Supracon (Jena, Germany). The 11 litres helium cryostat, supplied by Cryoton (Moscow, Russia), has an 
evaporation rate of liquid of around 2 litres per 24 hours and allows operation for 5 days without refilling. The 16-bit analog-to-digital converter 
(ADC) from National Instruments (USA) was used. Data acquisition was performed according to standard 6X6 grid during 30 sec into each 
observation point. The 4-channel device performs measurement of magnetic map in 3X3 format so that only 9 spatial positions are used and 10-15 
minutes are needed for observation. Software allows the device adjustment, data acquisition, and processing, to be preformed in three steps: 
preliminary processing, MCG-mapping, and medical analysis. Digital filtration, adaptive noise compensation, and averaging are utilized to suppress 
magnetic noise. Final data analysis is based on solution of inverse problem. As heart magnetic sensors we have used effective magnetic dipole and 
2D current density distribution at frontal plane.  

KEY WORDS 

Magnetocardiographic system, SQUID-magnetometer, unshielded environment, magnetic noise, helium cryostat, non-invasive observation, 
automatized data acquisition, software processing. 

INTRODUCTION

Superconducting Quantum Interference Detectors (SQUIDs) are characterized by the sensitivity in femtoTesla range, which allows to register 
super-weak fields generated by the biological activity of living organisms. Magnetic fields is almost not disturbed by biological tissues, measurement 
is contact-free and passive. The largest magnetic signal from the human body is generated by the heart. The magnetocardiography (MCG) is non-
invasive and safe procedure providing more comprehensive information about excitation into the human heart compared to the 12-channel ECG. 
MCG is enable to give such information about heart  which cannot be obtained by other methods. But, realization of measurements with the help of 
SQUID sensors is difficult technical problem which include cooling of sensor, noise-immunity, filtration, data acquisition, signal processing, 
interpretation, etc. The first MCG was registered in the USA [Baule, 1963]. Since then the method was developed so that many MCG systems are 
functioning today all around the world. Nevertheless, MCG technique has not been intensively introduced into a clinical practice for many reasons, 
among them are the magnetocadiograph price, installation and service costs, and cost for expensive magnetic shielding room (MSR).    

PROBLEM TO BE SOLVED 

It is important to create SQUID-magnetometer working at conditions of strong external environmental noises (power-line, electric and electronic 
equipment, earth magnetic fluctuations, etc). Last decade considerable efforts are directed toward the development of SQUIDs operating without 
MSR at noisy environment. The work presents design and performances of the user-friendly, relatively inexpensive software-hardware system to 
measure heart magnetic fields at clinics without MSR. According to the standard grid for one-channel MCG system, MCG observations were  
performed at 36 points and duration at one point was 0.5-1 min [Budnyk, 1995]. Thus, the overall duration for observation is no less than 45 minutes, 
that is too hard for pts. This interval can be reduced if MCG is registered simultaneously at several spatial points. From technical viewpoint this 
requires multi-channel device to be used instead of single-channel one. Increasing of the channels number up to 4 reduces the number of the signal 
sequential records to 9 corresponding to 15 minutes for whole observation. Known devices from Cryoton (Russia) and Cardiomag Imaging (USA) 
have 7 and 9 channels, respectively. But such increasing of channels quantity does not provide a) sufficient reducing for observation time and b) 
improving of signal quality. Because a) time for preparing and positioning of a patient (filling in registration card, placing on a couch, connecting 
ECG electrodes, spatial positioning, etc.) cannot be less than 5 min and b) sufficient noise reduction can be with reference vector magnetometer 
(RVM). Thus, from our viewpoint, 4-channel system with RVM provides optimum in terms of measurement duration, signal quality and cost.

SYSTEM STRUCTURE  

The flowchart of the device is shown on Fig. 1 where 
arrows point at functional connections between compo-
nents. System operation can be briefly described as follows. 
The patient lies on a coordinate-movable couch so that the 
4 measuring antennas of the SQUID magnetometer are 
positioned simultaneously from 1 to 9 spatial positions. In 
this way, the SQUID magnetometer registers the magnetic 
field of the heart, i.e. MCG, contactless. Patient’s ECG is 
being registered simultaneously in one of the standard leads 
and is used as synchronizing signal. Both MCG and ECG 
signals in the analog form are transmitted to the input of the 
ADC converting those into digital form necessary for 
further input into PC. Control of magnetometer is exercised 
from PC or Electronics by the embed-ded microprocessor-
based control system [Sutkovyi, 2004]. For this purpose, 
the control signals are transmitted from PC via Electronics 

patient’s couch 

electrocardiograph 

software  
patient

SQUID 
magnetometer 

cryostat 

cryostat holder 

  operator’s desk 

Electronics 
of control and 

data processing 

Personal 
Computer 

ADC

    Figure 1. Flowchart of the magnetocardiographic system
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or directly to the SQUID magnetometer. Developed software controls the magnetometer operation, data acquisition and medical diagnosing. The 
patient positioning system is required for sequenced displacement of the patient under the 4 antennas and for fixing the cryostat at minimal distance 
from the heart [Voytovych&Budnyk, 2003], [Voytovych&Primin, 2003].  

MULTI-CHANNEL MAGNETOMETER

Multi-channel magnetometer is intended for simultaneous registration of the vertical component of the heart magnetic field at 4 spatial points 
located at the corners of square with 40 mm side by means of 4 MCG channels and for registering 3 orthogonal components of the magnetic 
interference by means of a 3-channel RVM with a follow-up reducing of the noises in the MCG channels. Specifications: 

Description Signal Channels Reference Channels 
Dynamic range                                    140 dB 

Transfer factor 
80 mV/�0 40 µV/ �0     

Field resolution 30 f�/�Hz 1.6 pT/�Hz
Flux resolution 8 µ�0/�Hz 4 µ�0/�Hz
Frequency bandwidth  10 kHz 530 kHz 

Slew rate      
2�106 �0/s 1.8�105 �0/s

SQUIDs operating mode  Relaxation (RO)  standard DC  
Antenna type axial wire-wound the 2nd  order gradiometer orthogonal, direct field inputting into SQUID-hole 
Registered field component  vertical all 3 components 
Spatial layout of channels 4 nodes of a  square with 4 cm side At a single point on a cube 
Measuring interval for a single helium refilling     5 working days  
Cryostat capacity 11.5  liters 

The helium level sensor is embedded on the probe to control the liquid helium amount in the cryostat. The calibrating of the MCG channels is 
performed by a calibrating coil that generates the standardized magnetic field of 100 pT. MCG channel is based on single-channel magnetometers 
designed previously. These are SQUID detectors of a pulse-relaxation type functioning as relaxation-oscillation (RO) generators with a frequency 
dependent upon the magnetic field in the antenna. They have a few advantages against other SQUID modes, namely: combination of high dynamic 
characteristics of radio-frequency SQUIDs with sufficient sensitivity close to that of the direct current SQUIDs [Budnik, 1994]. This frequency- 
modulation approach allows to improve the noise-immunity, to lower the requirements for the amplifier, to increase slew rate and frequency band. 
The functioning of RO SQUIDs was optimized [Voytovych, 1998] and design was further improved [Minov, 2004]. 

The software has been tested in the real-time mode for the works with the magnetocardiograph by means of PC in the “virtual device” mode. 
Consequently the controllability of the magnetometer from a PC was validated and parameters of control signals providing stable work of the device 
were identified experimentally. For the noise rejection, two compensation procedures have been developed enabling to extract RVM signals from the 
MCG channel signals registering magnetic noises together with the heart magnetic field. These procedures are realized in software as electronic 
balance (EB) and adaptive noise compensation (ANC) [Primin, 2002] [Vasylyev, 2002].  

CONCLUSIONS 

7-channel MCG system with 4 signal channels and 3 reference ones was developed, assembled and installed in Institute of Cardiology, Kyiv, 
Ukraine. Measurement procedure was adjusted, cryogenic equipment and software were tested, clinical observations were carried out also.
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Figure 1. Schematic of the helmet measurement 
surface, including the 4-SQUID and single SQUID 
boards

A 500 channel MEG system 
Della Penna  S.1,2,3, Cianflone F.1,2,3, Del Gratta C.1,2,3, Erné S.N.4, Granata C.5, Pizzella V.1,2,3, Russo M.5, and Romani G.L.1,2,3

1Department of Clinical Sciences and Biomedical Imaging, and 2ITAB, Fondazione Università “G. D’Annunzio”, Chieti, Italy; 3INFM, Gc Chieti, 
Italy; 4ZIBMT, University of Ulm, Germany; 5CNR-Istituto di Cibernetica Na Italy 

ABSTRACT 

A new, whole head, magnetoencephalography (MEG) system has been developed in the framework of an Italian government  research project. 
The system consists of 500 LTc dc SQUID integrated magnetometers, the majority of which are placed on the surface of a  helmet. Additional 
reference channels are used for  software rejection of  background magnetic noise. The sensing channels are grouped by four on planar boards, so that 
the sensors can be easily configured to operate as a single magnetometer or as a planar gradiometer array. The sensor array is located in a gantryless 
low noise dewar, which can accommodate the subject in a supine position. 32 EEG channels and a digitally controlled stimulus apparatus are 
provided.  The entire  system is located  in a magnetically shielded room of good quality. The acquisition system handles 600 channels, allows A/D 
conversion at frequencies up to 8 kHz and controls the stimulus apparatus. The signals are processed on line  with  digital filtering, down-sampling 
and noise rejection.

KEY WORDS 

Magnetoencephalography; magnetometer; planar gradiometer. 

INTRODUCTION

Magnetoencephalography (MEG), the study of  magnetic fields generated by brain activity, requires that the tiny magnetic fields generated by 
electrophysiological currents are  simultaneously detected at many points over the scalp. MEG instruments are based on SQUID sensors, featuring  
adequate field sensitivity and bandwidth to measure the brain magnetic field. The majority of existing MEG systems includes about 100  to 300 
measurement sites, arranged over the  helmet’s surface [Pizzella, 2001]. The trend in MEG instrumentation is toward systems for routine operation in 
clinical environments, featuring a large number of extremely low noise, SQUID based, sensors placed as close as possible to the scalp and arranged 
in close proximity each other over the measurement surface.   
We report on the development of a large scale MEG system with about 500 channels. The system basic design has been developed as an 
improvement of the main features of our 165 channels MEG system [Della Penna, 2000]. This new system is designed for high sensitivity
measurement of the brain magnetic field together with easy to handle, versatile and stable operation. Low critical temperature, low noise SQUID 
integrated magnetometers are the basic elements for the system, which is operated inside a good quality magnetically shielded room. Reference 
channels, placed far from the measurement surface, are used to form software gradiometers, for the rejection of the background and of the magnetic 
noise. The working parameters of the system are easily loaded by means of the operator console and are semi-automatically optimized.  

INSTRUMENT DESCRIPTION 

A. Channel Layout 
The helmet shaped measurement surface has been designed to fit the average Caucasian head. The helmet surface area is about 1.7 � 105 mm2 and 

covers the whole scalp down to the neck in order to pick up also signals from cerebellum 
activity, and up to the cheekbone, so as to better cover the temporal areas. The helmet 
includes about 450 SQUID integrated magnetometers arranged as shown in  Fig. 1, with an 
average inter-channel spacing of about 19.5 mm. The majority of magnetometers are grouped 
by four and are placed over square boards 30 mm in side. In the upper part of the helmet, 
seven boards each containing one sensor are arranged over the curved helmet surface in a 
hexagonal pattern. In order to densely pack the magnetometers on the helmet, additional 
boards containing one or two sensors are used. With this configuration the channels are non 
uniformly, but on the basis of a fixed rule, spaced over the helmet surface. Nevertheless it 
has been reported that this arrangement provides an adequate sampling without aliasing 
[Naddeo, 2002]. The advantage in using this design of the sensor layout is to add versatility, 
since software planar gradiometers can be formed easily on or off line, and it is thus possible 
to operate the system as a magnetometer or a gradiometer array. The dimensions of the board 
supporting the SQUIDs are a good compromise between the requirement of nearly 
homogeneous spacing of the channels and the necessity of having enough room for the wires 
connecting the SQUIDs to the read-out electronics. On the square boards, each integrated 
magnetometer chip is placed at one vertex of a square 16 mm in side. In order to densely 
pack the magnetometers on the helmet, additional boards containing one or two sensors are 
used. In the upper part of the helmet, seven boards each containing one sensor are arranged 
over the curved helmet surface in a hexagonal pattern.   

In order to reject the background magnetic field, 24 additional magnetometers, arranged in 
orthogonal triplets, are used as references. The triplets are placed at the vertexes of a cubic 
support placed far from the helmet, and can be used to form synthetic gradiometers up to 
second order [Vrba, 1996].    



P5-1

620

Figure 2 The dc SQUID integrated 
magnetometer, including the pick-up, the APF and 
the feedback coils which are integrated in the same 
chip as the SQUID, as shown in the bottom part of 
the figure

B. The dc SQUID Integrated Magnetometer 
Each channel consist of a square, single turn magnetometer with an effective area of 64 

mm2 and is coupled, by means of a thin film, Ketchen type input coil made of 12 turns, to a dc 
SQUID [Granata, 2001a], [Granata, 2001b], shown in Fig. 2. The SQUID is based on high 
quality Nb/AlOx/Nb junctions, made by means of a fabrication procedure featuring high yield 
an reproducibility [Granata, 2001a]. The SQUID loop, in a square washer configuration, has 
an  inductance Ls of about 260 pH.  The input coil  inductance is 33 nH, matched to the 
magnetometer  inductance of 27 nH. The SQUID critical current IC ranges between 15 and 25 
�A and the intrinsic responsivity is 50�100 �V/�0 in the fabricated devices. The shielding 
parameter �L=2LsIC/�0 is in average 2.5, and the average value of the McCumber parameter 
�C=2�R2ICC/�0 is 0.4; where C and R are the capacitance and the shunt resistance of  the 
junction respectively. A thin film resistor has been inserted across the SQUID loop, to damp 
the washer resonance and to improve the smoothness of the flux to voltage characteristic. The 
field- flux sensitivity is 0.7 nT/�0 and the device field noise is about 1.5 fT/Hz½.     

In order to reduce the noise due to external copper circuits, the feedback coil for Flux-
Locked-Loop (FLL) operation has been integrated on the same chip as the SQUID together 
with a full Additional Positive Feedback (APF) network [Drung, 1990], consisting of the 
series of a resistance and an inductance connected in parallel to the SQUID. The APF coil is 
made of a niobium single coil surrounding the pick-up loop and is bonded to a molybdenum 
thin film selectable resistor with an aluminum wire resistor.  

C. The System  
The sensor array is contained inside a low noise, gantryless dewar, allowing measurement 

with the patient in supine position. The dewar capacity is about 190 l and has a small neck, 
ensuring a reduced boil off rate of liquid helium. In order to make the sensor array assembly 
and maintenance easier, the helmet shaped SQUID holder is placed in the vacuum chamber of 

the dewar and is thermally connected to the helium bottle. Figure 3 shows the dewar, which is under 
development by ATB s.r.l, in Italy, during preliminary tests. The external helmet surface is vacuum sealed 
to the dewar and can be removed during maintenance to allow operation on the sensor array. The sensor 
array is placed at about 20 mm from the surface at room temperature. The reference channels are placed on 
a support inside the helium bottle. The SQUIDs are driven in FLL scheme with direct read-out and APF. 
The room temperature electronics are arranged on small boards driving eight SQUIDs each. Small 
motherboards containing the control logic and command interfaces for the SQUID boards are placed on 
the upper part of the dewar. 32 EEG channels and a digitally controlled stimulus apparatus are provided 
and the entire system is placed in a good quality magnetically shielded room, with 4 layers of soft 
magnetic material and 1 external aluminum layer. The acquisition system handles 600 channels, allows 
A/D conversion at frequencies up to 8 kHz and controls the stimulus apparatus. The signals are processed 
on line with digital filtering, down-sampling and noise rejection.  
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Figure 3 The 500 channel cryostat 
during testing.  The dewar is a 
gantryless design, allowing 
measurement in supine position. The 
Squid array is placed in the vacuum 
chamber of the dewar.  



P5-1

621

Simultaneously detected biomagnetic signals and NMR 
Espy, M. A., Volegov, P. L., Matlachov, A. N., George, J. S., and Kraus, R. H. Jr.
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ABSTRACT 

We have obtained 1H NMR spectra simutaneously with biomagnetic signals such as the magnetocardiogram (MCG) and magnetomyogram 
(MMG). The NMR spectra are acquired at measurement fields of 2–50 �T, with corresponding proton Larmor frequencies of 80-2000 Hz. Details of 
the instrument are described elsewhere in this conference.  Our measurements demonstrate a method suitable for MR imaging with concurrent 
measurement of biomagnetic signals that provide high temporal resolution. The narrow line widths, reduction in susceptibility noise and enhanced 
spectral resolution at ultra low fields introduce the possibility of extremely sensitive measurements such as direct imaging of biological currents by 
detecting the phase or frequency shifts produced by magnetic fields arising from those currents. The results of our simultaneous measurements of 
NMR with MCG, and MMG are used to investigate this possibility and compared to results from a wire phantom. 

KEY WORDS: Ultra-low field nuclear magnetic resonance imaging, biomagnetism, SQUID 

INTRODUCTION

We have developed an open geometry SQUID-based instrument that allows simultaneous measurement of biomagnetic signals and ultra-low field 
(ULF, �T) nuclear magnetic resonance (NMR) signals. We have obtained 1H NMR spectra simultaneously with biomagnetic measurements of the
magnetocardiogram (MCG), and magnetomyogram (MMG). Data acquired for simultaneous ULF NMR and magnetoencephalography (MEG) have
already been presented [Volegov, 2004]. Our measurements demonstrate for the first time simultaneous NMR and biomagnetic signal acquisition and 
the basic techniques necessary for acquiring tomographic images simultaneous with high-temporal resolution measurements such as those found in 
MEG. We reported our first 2-D images derived from NMR signals at 10 �T fields in [Matlachov, 2004b]. The combination of dynamic anatomical 
imaging with electrophysiological information may prove valuable in cardiac studies where imaging mechanical function while monitoring 
electrophysiology could be particularly valuable for understanding and monitoring pathology, e.g. associated with conduction abnormalities. 

In addition to being compatible with simultaneous biomagnetic measurements, there are a variety of benefits to NMR/MRI at low fields. The 
prospect of reduced system cost and size is pointed out by [Macovscki, 1993]. For a fixed relative inhomogeneity, broadening of the NMR line scales 
linearly with the strength of the measurement field providing very narrow NMR lines (limited by the natural linewidth) at ULF [McDermott, 2002], 
and raising the possibility of MRI at lower gradients (e.g. �T/m). Susceptibility artifacts, which also broaden resonance lines, are significantly 
reduced.  In addition, T1 contrast may be enhanced at low fields. Ultimately, low field MRI may lead to direct imaging of the magnetic fields from 
biomagnetic currents by observation of change of free induction decay (FID) or echo parameters caused by biomagnetic fields or changes in 
frequency, phase [Bodurka, 2002] or T2* relaxation [Xiong, 2003]. 

We present NMR FID signals acquired simultaneously with biomagnetic signals 
from MCG and MMG.  FID signals acquired during different stages of the biomagetic 
signal generation (i.e R vs. T peaks in the MCG) are examined for variation due to 
biomagnetic currents. Results from a wire phantom are also presented and proposed 
methods for improving studies are discussed. 

METHODS

A description of the ULF NMR/MRI instrumentation is described elsewhere in this 
conference [Matlachov, 2004a] and also in [Matlachov, 2004b], [Volegov, 2004]. NMR 
signals were obtained by pre-polarizing samples in a 20 mT magnetic field, Bp, which 
was turned off during measurements. The measurement field, Bm, was ~10 �T. Signals 
were detected by a low-Tc SQUID coupled to a first-order tangential gradiometer. 
Measurements were made inside a single layer magnetically shielded room. 

Simultaneous NMR/MCG measurements were made while the subject reclined with 
the tail of the crystat positioned over the chest. ECG was also recorded. The “R” peak 
of the QRS complex set t = 0. The ramp-down of Bp and start of NMR acquisition was 
triggered after a variable delay. To allow sufficient pre-polarization time, ~ 1s, only 
every-other heartbeat was used. Data were taken for one male and one female subject. 

During NMR/MMG measurements, the forearm was placed beneath the 
cryostat while the subject held a pneumatic shutter release. After ~ 1s pre-
polarization Bp would be ramped down and data taken while the muscles 
were tensed (subject squeezed the shutter release) or relaxed. Data was taken 
for three male and one female subject.  

RESULTS 

Figure 1 shows the MCG and FID data for simultaneous MCG and NMR 
for one of the subjects. NMR signals were recorded at various times as 
indicated in the figure. Data for approximately 100 presentations of the 
stimulus were averaged after removing specific noise components (power 
line harmonics, cryostat demagnetization signal, and eddy current signal). The FID and MCG signals were separated by applying a 330 – 420 Hz 
bandpass filter and a dc-120 Hz bandpass filter to the averaged data, respectively. The frequency and T2* values were extracted using the direct 
exponential curve resolution algorithm (DECRA), described for example in [Nordon, 2001]. These values are shown for both subjects in Table 1. The 

 Subject #1 Subject #2 
 Freq. (Hz)  T2* (ms) Freq. (Hz) T2* (ms) 
R-wave 387.12 82.0 389.63 97.0 
T-wave 386.98 83.3 389.76 103.4 
Resting 387.01 77.1 389.85 102.1 

Table 1. Frequencies and T2* times measured for FIDs recorded 
during various phases of the MCG. 

Figure 1. Simultaneously acquired NMR and MCG data. 
NMR was acquired at the various times indicated during 
the MCG. 
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frequency resolution of our system is better than 0.2 Hz. The frequencies observed for various times within 
the MCG are stable to within our resolution. There does appear to be some variation in T2*, however the 
changes are not consistent and estimation of an 
exponential decay parameter is highly sensitive to 
experimental noise, making it difficult to interpret 
whether these changes in T2* could be due to 
biomagnetic currents. 

FID signals acquired simultaneously with MMG 
data were recorded for the muscles of the forearm in 
the stressed and relaxed state. Measured T2* values 
are shown in Table 2. Frequencies (not shown) were 
stable to better than 0.2 Hz. In all but one subject 
the value of T2* for stressed muscle was lower, but 
the variation is small and interpretation is 
complicated for the same reasons mentioned for 
simultaneous NMR/MCG. 

Figure 2 shows data taken for a current phantom 
made from a wire passing through a 1cm diameter 
syringe filled with water. Differences in frequency 

and T2* are observed as a function of applied current. 

DISCUSSION 

We have demonstrated simultaneous acquisition of MCG and MMG data and 1H NMR signal, demonstrating that it is possible to combine the 
advantages of ULF NMR with high temporal resolution biomagnetic measurements. Simultaneous biomagnetic measurements and ULF MR imaging 
may alleviate some of the difficulties imposed by the current need to co-register separately acquired biomagnetic and high field MRI data. Another 
intriguing potential application of ULF MRI would be direct imaging of the physiological currents from muscle, heart, and brain. This method of 
directly imaging neuronal activity would not have the inherent ambiguity associated with the inverse problem of electromagnetic source localization 
from field measurements on a surface. The ULF NMR and MCG/MMG data presented here allowed us to take a crude first look at the possible
effects of biomagnetic currents from muscle and heart on ULF NMR signals. 

Based on the < 0.2 Hz sensitivity of our system we estimate our system to be sensitive effects of magnetic fields from biomagnetic currents on the 
order of ~4 nT, if the field produced was uniform over the volume measured. We realize that the fields produced will be non-uniform, however this 
provides a first-order estimate of the effect we might be able to see. The current phantom data presented in Fig. 3 demonstrates that for a current of 
63 �A passing through a wire, a shift of ~ 0.2 Hz is produced and T2* is reduced by a factor of 1.5. The magnetic field, assuming an infinite wire, 
would be 2.5 nT at 5 mm radial distance, in reasonable agreement with our simple estimate that we should be able to see the effects of fields on the 
order of 4 nT over the observed volume. Increasing the current by a factor of 4 to 252 �A shifts frequency to ~ 0.5 Hz and reduces T2* by another 
factor of 2.55. That these effects are non-linear is not surprising considering the nature of the phantom source.  

One obvious shortcoming of our method is that the majority of our observed signal comes from the surface of the sample. Data from a water 
phantom (not shown), verify that 80% of the NMR signal originates from the top 20 mm of the sample, while 20% originates from more distant 
regions. The heart is at least 20-30 mm below the cryostat for our subject placement, while the signals from MMG are estimated to originate at about 
10 mm below the surface. While some reasonable fraction of the NMR signal originates from the region where biomagnetic signals are measured, 
more sophisticated polarization coil designs would enable one to tailor the spin population distribution within the sample to the region of interest. 
Addition of gradient coil sets will also provide spatial encoding information from which images could be reconstructed. 
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Subject T2* (ms)  
resting

T2* (ms)
stressed 

#1 70.0 69.0 
#1 69.0 68.4 
#1 85.8 85.5 
#2 72.4 60.1 
#2 64.4 57.0 
#3 73.5 71.6 
#4 64.6 66.3 
#5 79.7 77.1 

     
Table 2. T2* measured for FIDs 
recorded during MMG and with the 
muscle relaxed. 

Figure 2. NMR data from a phantom with a current 
carrying wire passing through a 1 cm diameter syringe 
of water. 
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The New SQUID Biosusceptometer at Oakland: First Year of Experience 
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ABSTRACT 

Liver iron measurements using biosusceptometers have been validated on two LTC SQUID systems (New York and Hamburg) built in the 1980’s. 
Recently, two new instruments have been installed in Torino, Italy (2001), and Oakland, California (2003). The design of the Oakland system is 
similar to those in Hamburg and Torino. Improvements were made to adjust for significant environmental noise, moreover, an active electronic noise 
cancellation, a computer controlled water coupling reference system using a pressure feedback and a faster data acquisition system using software 
lockin amplifiers have been implemented. All 3 systems (Hamburg, Torino, Oakland) are using the same standardized operational protocol. Presented 
herein are the data collected from 276 patients measured with the SQUID biosusceptometer at Oakland since installation. The results from 149 
patients with beta-thalassemia (b-Thal, age: 2-66 y), 76 patients with sickle-cell disease (SCD, age: 5-55 y), 35 patients with various rare diseases 
(RD, age: 2-80 y), and 16 patients with hereditary hemochromatosis (HHC, age: 6-74 y) are reported. The liver iron concentration in the different 
groups are 222 - 7570 (b-Thal), 518 - 7918 (SCD), 511 - 6234 (RD), 258 - 2041 (HHC) µg/g-liver. The long-term reproducibility (12 months) in a 
patient on constant treatment regimen demonstrated a mean liver iron of 1141 ± 133 µg/g-liver. The new SQUID Ferritometer® located on the US 
West coast will give more patients access to this non-invasive liver iron assessment.  

KEY WORDS 

Biosusceptometry, SQUID, Thalassemia, sickle cell disease, reproducibility, noise cancellation 

INTRODUCTION

In patients with iron loading anemias under regular transfusion and chelation treatment (e.g., beta-thalassemia, sickle cell anemia) or those with 
genetically induced iron overload under routine phlebotomy (e.g. hemochromatosis) the ability to non-invasively measure liver iron concentration 
(LIC) accurately and precisely is required. LIC can be measured with accuracy and precision using chemical techniques on liver biopsy samples. This 
method is quite invasive, which precludes frequent measurement of LIC in vivo. Thus, alternative non-invasive methods are constantly under 
development. Magnetic susceptibility measurements using biosusceptometers have previously been validated on two instruments (Cleveland/New
York and Hamburg) built in the 1980’s [Brittenham, 1982] [Fischer, 1992]. Recently, two new instruments have been installed in Torino, Italy, and 
Oakland, California. The design of the Oakland system followed the development lines of the systems in Hamburg and Torino [Starr, 2001]. 
However, the system in Oakland is located in a magnetically noisy neighborhood: approximately 100 yards from a busy 6 lane street and 120 yards 
from a regional metro rail system. Therefore an active electronic noise cancellation was added to the system to adapt to the elevated background 
noise. Additionally, modifications were made to improve the system for use in very young children; for example a smaller water coupling reference 
system was installed using a pressure feedback and a faster data acquisition system using software lockin amplifiers. This paper will address the 
reproducibility of this new system and the potential application of the results obtained in patients with iron loading anemias.

METHODS AND RESULTS 

Liver iron concentration was measured by the biosusceptometer system at Children’s Hospital & Research Center at Oakland (CHRCO)
(Ferritometer®, Model 5700, Tristan Technologies, San Diego, USA) using a standardized protocol similar to Hamburg and Torino. Measurements 
are usually performed versus air or water (waterbag) as reference medium by dynamically lowering the patient bed within 10 s at a maximum speed 
of 1.0 cm/s. The data acquisition rate is 100 kHz in 16 data channels with a final data reduction by a factor of 1000. Further details are described 
elsewhere [Starr, 2001]. 

Study 1: Environmental magnetic noise: The environmental magnetic noise is mainly caused by the car traffic, especially, during the slowing 
down and starting phase in front of two synchronized traffic lights, while the flowing traffic and the metro rail system has little impact on the noise. 

The magnetic noise is picked-up by a sensitive fluxgate detector 
(MAG-03, Bartington Instruments Ltd., Oxford, England) with an 
internal noise of 10 pT and a sensitivity of 0.1 µV/pT. The peak 
noise was detected as high as 600 nT with an average noise of 150 
nT during rush hours. Using the fluxgate for active electronic 
noise cancellation (single axis linear correlation) as outlined by 
Starr et al [Starr, 2001], susceptometric measurements can be 
performed with sufficient precision. In Figure 1, a phantom 
measurement versus air as reference medium is shown for the 
most sensitive SQUID channel A. The SQUID voltage is shown 
as a function of a distance transformation into fluxintegrals. The 
magnetic volume susceptibility of -9.396·10-6 SI-units of the 
phantom, which is equivalent to a LIC of -5873 µg/cm3, is 
indicated by the slope of the linear fit to the SQUID data with 
noise cancellation in Figure 1. Without noise cancellation, no 
reasonable real-time analysis can be performed. Using more 
elaborated filter techniques on both fluxgate and SQUID signals 
may further reduce the noise level. 
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Figure 1. Biosusceptometry of a phantom with (triangles) and without 
(circles) electronic noise cancellation by a single axis fluxgate.
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     Study 2: Reproducibility: A highly compliant 
patient with beta-thalassemia major (f, 32y, 47kg, 155 
cm) on a constant treatment regimen (transfusion: 184 
ml/kg/y, mean deferoxamine dose: 36 mg/kg/d) was 
measured on 12 separate occasions approximately 1 
month apart. The measurements were performed by two 
operators, with an independent set of liver and thorax 
geometry parameters, each time, as assessed by 
sonography (EUB-500, Hitachi Medical Systems, Ohio, 
USA) with a 3.5 MHz linear probe (10 cm).  The long-
term reproducibility over 12 months demonstrated a 
coefficient of variation less than 12% with a LIC of 1141 
± 133 µg/g-liver (Mean ± SD; Fig 2). Serum ferritin is 
the only other clinically available tool to assess iron 
stores non-invasively. In this same time interval, serum 
ferritin fluctuated in this patient between 485 and 1276 
µg/L (Mean: 848 ± 268, Median= 911); coefficient of 
variation was 32%. 

      
Table 1:   Summary of results from 276 patients measured on the biosusceptometer  

                 system at Oakland

Diagnosis N Age, 
years* 

Male/ 
Female 

LIC,^
µg/g tissue 

Ferritin,^ 
µg/L

Thalassemias 149 20 ± 13 
(2 – 66) 78 / 71 2263 ± 1393 

(222 – 7570) 
1497 ± 1923 
(50 – 17931) 

Sickle cell disease 76 25 ± 13 
(5 – 55) 28 / 48 2584 ± 1695 

(518 – 7918) 
2778 ± 1851 
(400 – 9138) 

Rare diseases 35 15 ± 20 
(2 – 80) 18 / 18 3330 ± 1440 

(511 – 6234) 
1265 ± 2335 
(29 – 11450) 

Hemochromatosis 16 48 ± 20 
(6 – 74) 7 / 8 657 ± 491 

(258 – 2041) 
34 ± 274 
(7 – 889) 

*Mean ± SD;  ^ Median ± SD;  (range); LIC: Liver iron concentration 

DISCUSSION 

Presented herein are the LIC data collected from the first 276 patients measured with the SQUID biosusceptometer at Oakland. We have 
successfully measured patients as young as 2 years of age, with over 14 different iron loading disorders. Excellent reproducibility has been 
documented despite significant environmental noise due to location of the system. Much of this is due to improvements of the system and its noise 
cancellation features. We have found the main error contribution in a single patient measurement originates from an imprecision of the 
sonographically assessed skin-liver distance. This will depend upon the actual positioning of the patient and is therefore operator dependent. When 
measurements are performed carefully, the CV for the LIC assessed by SQUID is almost 3 fold less than the CV of serum ferritin. At the present 
time, serum ferritin is the only readily available non-invasive clinical measure of iron loading in patients. However, it has long been recognized that 
ferritin is an insensitive indicator of iron status, particularly in iron overloaded individuals because it is influenced by inflammatory processes. The 
preliminary data from the Oakland SQUID are consistent with the data presented at a recent National Institutes of Health Workshop on the Non-
invasive Measurement of Iron [Brittenham, 2003]. The reports states that, “at present, biomagnetic susceptometry provides the only non-invasive 
method for measurement of tissue iron stores that has been calibrated, validated and used in clinical studies…” This new SQUID Ferritometer®

located on the US West coast will give more patients access to this non-invasive liver iron assessment.  
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Figure 2: Long-term reproducibility of LIC using the biosusceptometer system 
at Oakland over 12 months in an adult patient with beta-thalassemia major. 

Study 3: Summary of Patient Results: A
total of 276 patients have been measured with 
the SQUID biosusceptometer at Oakland since 
system installation (January, 2003). The results 
from this varied group of patients are presented 
in Table 1, grouped by disease: thalassemias 
(�, �, E-�, Hb H), sickle cell disease, 
hemochromatosis, and other rare diseases 
(blackfan diamond, sideroblastic anemias, 
MDS, post BMT). All patients measured were 
at risk for iron overload, yet had varying levels 
of LIC (range 222 to 7918 µg/g tissue). 
Successful measurements have been obtained 
in patients as young as 2 years without 
sedation. What is quite clear from the 
investigations thus far is that serum ferritin, 
previously used to estimate the extent of tissue 
iron stores is an inadequate predictor. 
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ABSTRACT 

     Magnetically shielded rooms (MSRs) with materials of high permeability and active shield systems have been used to shield magnetic noise 
for biomagnetic measurements up to now. However, these techniques have various disadvantages. Therefore, we have developed a new shielding 
system composed of shielding panels using an active compensation technique. In this study, we attempt to confirm the shielding performance of 
several unit panels together, using numerical and experimental approaches. It is confirmed that both results are coincident, and the shielding 
performance of a cubic model composed of 24 panels was 1/17 for uniform fields, and 1/7 for disturbances due to car movement. Furthermore, the 
compensation space is broader than that of an ordinary active system not using panels, has large coils. Moreover, the new active compensation 
system has the significant advantage that panels of any shape can be assembled for occasional use because the unit panel is small and light.      

KEY WORDS 

Active magnetic shield, Magnetic shielding panel, Sensor position, Shielding effect 

INTRODUCTION

     Magnetic shielding systems, that is MSRs and active shielding systems, are widely used for biomagnetic measurements. An active magnetic 
shielding system, which is composed of coils, sensors, and controllers, is attractive compared with a MSR from the standpoints of frequency 
dependence at low frequencies (under about 1 Hz), weight and closed space. [Kato, 2000][Brake, 1993][Platzek, 1999][Skakala, 1993]. However, 
ordinary active shielding systems using cubic-like large coils, several meters in size, and a sensor, have the disadvantages of a poor shielding effect 
for inhomogeneous or gradient magnetic noises generated by cars or elevators, a relatively small compensating area and the requirement to set up 
sensors where we want to cancel the fields. In order to overcome these disadvantages, a new active shielding system composed of shielding panels is 
proposed. In this system, the large coil of an ordinary system is subdivided into small panels, and each unit panel has a coil, a sensor and a controller. 
In this paper, the optimal design of the new system is implemented and the shielding performances are compared with those of ordinary methods, 
using numerical and experimental approaches. 

SHIELDING PANEL SYSTEM 

     Figure 1 shows a panel of the new shielding system. Each of the square panels is about 500 × 500 mm, and is composed of a magnetic sensor 
(HMC1021S, Honeywell) for detecting the fluctuation of external magnetic noises positioned at the center of the panel and a controller that generates 
compensation fields by sending current to the coil surrounding the frame, which is made of wood. The magnetic field signals acquired by the 
magnetic sensor are processed and used to determine coil currents so as to minimize the fluctuation of the magnetic field at the sensor position. 

SIMULATION

MEHODS Figure 2 shows the cubic model composed of 24 shielding panels used for 
numerical analysis. Parameters Lp, h, G1, G2, Lo in this figure correspond to the side length of the 
square coils, the sensor position distance from the panel surface, the gap between panels on the 
identical and differential planes, and the outer dimension of one side of the cubic model (2Lp + G1 + 
G2), respectively. In the numerical analysis, the models considered are a cubic model with gaps 
(model A), one without gaps (model B) and an ordinary model with non - divided large coils (model 
C) having the parameters in Table 1. Uniform magnetic noises for the -z direction at 0.7 �T and 
gradient noises increasing for +y direction ( Bz = -0.3y - 0.7 ) were applied. The magnetic fields were 
calculated by the Biot-Savart law. Thus, the fields B(r) at any position r when the magnetic field 
B0(r) is applied and current Ii is fed to coil number i , is determined by the following equation:  
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where Nc is the number of panels, Ns is the division number of coils, dsi is the vector of the short 
section of the coil and �0 is the permeability of a vacuum. Current Ii is determined by repeatedly 
calculating Equation (1) to zero the magnetic field Bs of perpendicular components. 
RESULTS The optimal sensor position of each model, which indicates maximum 
shielding performance, is 230 mm for Model A, 60 mm for Model B, and 250 mm for Model C, for 
both uniform and gradient fields. These results are mentioned in detail in the section of 
experimental results on Figure 4. Figure 3 shows the changes of |B| along the y (x = z = 0) and z
axes (x = y = 0) at the optimal sensor position for each model when uniform and gradient magnetic 
fields are applied. In Figure 3(a)(i) for uniform and Figure 3(b)(i) for gradient magnetic noises, 
Model A with gaps has a broader area of low magnetic fields than model B without gaps. Thus, it is 
assumed that the gapped model provides a better shielding effect for gradient fields. However, the 
shielding performances for gradient noises along the z axis fall away from the center point of the 
cubic model in figure 3(b)(ii). The shielding area of Model C is smaller than that for Model A or 
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Model B generally. 

EXPERIMENTS 

METHODS For experimental measurements, the cubic model 
composed of 24 shielding panels (the same model as A in Figure 2 was 
used. Shielding effects were measured for uniform sinusoidal-wave 
magnetic noises generated by 3-layered coils at 0.1 Hz applied on the -z
direction at 0.7 �T [Sasada, 2003] and 3 direction gradient noises (Bx, By, Bz) generated from car moving noises at a distance of 7 m from the model. 
Shielding effects were defined as the ratio |B|off without active control, and to |B|on with active control evaluated by another magnetic sensor (Applied 
physics system, APS520A) at the cube’s center.
RESULTS Figure 4 shows the shielding performance dependence on the sensor position together with the numerical results. The shielding 
performance of 1/17 is obtained by measurement when the sensor is set to the optimum position. It is also confirmed that the optimal sensor position 
of the experimental model is nearly coincident with that of the numerical analysis. Moreover, a performance of 1/7 for the disturbance due to car 
movement is confirmed by the experiment shown in Figure 6. 

CONCLUSION 

     It is generally necessary to set the magnetic sensor detecting external magnetic 
noises on a place where shielding is required for an ordinary active shielding system. 
The system described in this paper can produce good shield effects and a broad 
compensation area with sensors placed at other points, that is, at the optimum position 
where the obtained magnetic fields are equal to that of the evaluating point. 
Moreover, it seems that the shielding method using panels is effective, and this 
system has the important advantage that panels can be assembled in any shape 
depending on various demands because the unit panels are lightweight and compact. 
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Table 1. Parameters of each model 

model Number of panels 
per surface 

Lp G1 G2 Lo
A 4 480 mm 30 mm 55 mm 1,100 mm 
B 4 500 mm 0 mm 0 mm 1,000 mm 
C 1 1,000 mm - 0 mm 1,000 mm 
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Figure 1. Magnetic field moment map, constructed 
during real time data acquisition 

Real-Time MCG Mapping in the 36-Channel Magnetocardiograph 
Korsun, N.

CardioMag Imaging, Inc., Schenectady, NY, USA  

ABSTRACT 

Real time MCG mapping has been developed for the 36-channel magnetocardiograph (MCG2436, produced by CardioMag Imaging Inc).  To
remove the DC component from the signal, MCG data is measured using a high pass hardware filter with 0.05 Hz cutoff. A fast two dimensional 
interpolation algorithm is used to interpolate the data with 0.5 cm precision, then additional bilinear interpolation is applied to construct MCG maps 
with the required size in pixels. The developed technique allows real-time MCG map animation using a Windows operating system during 
synchronous 36-channel data acquisition. The MCG maps are displayed together with a 3D torso and simplified heart model for realistic 
representation of the magnetic field distribution over the human chest. Real time mapping can also be used for proper patient positioning before  
MCG measurements.  

KEY WORDS 

MCG mapping, 3D visualization, interpolation. 

INTRODUCTION

Magnetocardiographic data processing usually consists of several steps, including real time data acquisition and off line signal processing, 
including QRS recognition, template setting, averaging and 2D or 3D MCG map visualization. The ideal MCG map can be obtained if a patient is 
properly positioned before measurements begins and the magnetic field extrema are symmetrically located to the center of the measurement area. 
However using the existing data processing technique, the patient’s position can be estimated and optimally adjusted after off line data processing. To 
simplify patient positioning before off line data processing, real time MCG mapping has been developed for the 36-channel magnetocardiograph, 
produced by CardioMag.  

METHODS

Data acquisition. 36 MCG working channels were synchronously acquired with a 1000 Hz sampling rate and 24 bit resolution. Because the 
magnetocardiograph supports DC data measurements, the 0.05 Hz high pass hardware filters were temporarily used during preliminary data 
acquisition to remove the DC component from each channel. The incoming data can be optionally filtered using a low pass digital filter to reduce the 
power interference components.  

Data visualization. The data stream is processed and displayed in a separate thread, designed for 3D torso, heart and magnetic field visualization.
The standard rectangular measurement grid, used in magnetocardiography, has 6x6 nodes with 4 cm distance between them. At the first stage, the 
measured data are interpolated to 41x41 nodes using 2D polynomial interpolation [Hiroshi Akima, 1970] with 0.5 cm distance between the new 
nodes.

Second, the 41x41 grid is interpolated to form an NxN grid using fast bilinear interpolation [Press, 1992]. The value N depends on the current 
map size in pixels and depends on the actual window size (Figure 1). 

 The presented numerical technique allows fast, smooth, real time data 
processing and visualization in 3D space with a high frame rate which can 
be used for proper patient positioning. 

DISCUSSION 

The numerical approach presented allows real time MCG mapping 
during multi channel data acquisition. It can also be used for proper 
patient positioning without additional data processing and measurement. 

The MCG mapping developed can be used together with fast source 
localization software in order to investigate source location dynamics in 
real time. 
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A 62-channel MCG System Measuring Tangential Field Components 
Lee, Y. H., Kim, K., Kim J. M., Kwon H., and Park Y. K. 

Biomagnetism Research Center, Korea Research Institute of Standards and Science, Daejeon, Korea 

ABSTRACT 

We fabricated a 62-channel integrated planar gradiometer system to measure magnetocardiogram (MCG) signals tangential to the chest surface. 
By measuring the two tangential components simultaneously, the sensor covering area could be made smaller than the conventional vertical 
component measurement. The sensor covering area of the 62-channel system is 162 mm x 162 mm, which was proved to be large enough to measure 
the essential MCG field distribution in a single measurement. In addition to the 62 sensing channels, 10 reference channels were installed at a 
distance of 135 mm from the sensing channels, and software gradiometer could be formed to reduce background noises in very noisy environments. 
The gradiometers are series-connected first-order planar pickup coils, integrated with the SQUID, and have a baseline of 40 mm. The SQUIDs are 
double relaxation oscillation SQUID (DROS) type which provides large flux-to-voltage transfers, typically larger than 1 mV/�0, and compact 
electronics were used for SQUID operation. The helium dewar has a capacity of 40 L and has an average boil-off rate of 3.6 L/d with the 62-channel 
insert. The patient bed has a nonmagnetic cycle for stress MCG measurements. The noise of the MCG system is about 1.3 fT/cm/�Hz or 5 fT/�Hz at 
100 Hz, operated inside a moderately shielded room. The MCG system was installed in a hospital for the diagnosis of heart diseases, and MCG data 
were analyzed using the analysis software.  

KEY WORDS 

Magnetocardiogram; Double relaxation oscillation SQUID; Planar gradiometer; Myocardiac current mapping.  

INTRODUCTION

Multichannel magnetocardiogram (MCG) systems are shown to be useful for the functional diagnosis of heart diseases [Stroink, 1998]
[Tavarozzi, 2002]. In conventional multichannel MCG systems, cardiac magnetic fields normal to the chest surface is measured using magnetometers 
or wire-wound axial gradiometers. But the normal component has two field extremes for each current dipole and needs an extended measurement 
area to map the corresponding dipole field distribution. If we measure field components tangential to the chest surface, the field distribution has 
magnetic field peak just above the current dipole and we can reduce the sensor coverage area necessary to get the essential magnetic field 
distribution. Another advantage of the tangential measurement system is that planar gradiometers can be used which has good intrinsic balancing and 
good signal coupling with the SQUID. In order to develop a compact and yet efficient multichannel MCG system, we combined two approaches : 
planar gradiometer system measuring tangential field components and double relaxation oscillation SQUIDs, which have large flux-to-voltage 
transfer, allowing compact readout electronics can be used for SQUID operation [Lee, 2001].  

METHODS

In order to simplify the readout electronics of SQUIDs, we used the double relaxation oscillation SQUID (DROS). The DROS consists of a signal 
SQUID and a reference junction in series, and shunted by a relaxation oscillation circuit of an inductor and a resistor. When the parameters and 
operation condition of the DROS are met, the modulation voltage and flux-to-voltage transfer of DROS is large enough that direct readout of the 
DROS output is possible using room-temperature electronics [Adelerhof, 1994]. The pickup coil is a first-order gradiometer with two square coils 
connected in series, each with an outer dimension of 12 mm � 12 mm. The linewidth of the pickup coil is 0.5 mm and the baseline is 40 mm. The 
field-to-flux transfer coefficient of the flux transformer circuit is 0.95 nT/�0 or 0.24 nT/cm/�0 (�0 is flux quantum). The overall size of each planar 
gradiometer is 12 mm � 52 mm. The sensors were fabricated using the low-temperature Nb/AlOx/Nb junction technology. The sensor holder is made 
of epoxy block where planar gradiometers are attached as shown in figure 1. The 62-channel insert consists of 21 sensor holders and each sensor 
holder has 2~4 planar gradiometers. The standard distance between parallel gradiometers is 
35 mm. The senor coverage area of the 62-channel is 162 mm x 162 mm. 

The gradiometers were arranged to measure field components tangential to the chest 
surface ; dBx/dz and dBy/dz, where z-axis is normal to the chest surface. Simulation study on 
the localization accuracy showed that tangential measurement can localize current dipoles 
deeper than normal measurement with the same confidence volume [Kim, 2004]. In addition 
to the 62 sensing channels, 10 reference channels were installed at a distance of 135 mm 
from the sensing channels, and optional software higher-order gradiometers could be formed 
to reduce environmental noises.  

The SQUID electronics consist of a room-temperature preamplifier, integrator and 
SQUID controller. Because of the large flux-to-voltage transfers, the DROS output could be 
connected directly to a room-temperature dc preamplifier without an intermediate matching 
circuit. The contribution of the preamplifier to the total system noise is about 10 % [Lee, 
1999]. The automatic control of the flux-locked loop (FLL) circuits is done by computer ; the 
SQUIDs are maintained in the minimum noise level by adjusting the bias current and flux 
bias. The FLL circuits are inside the magnetically-shielded room (MSR), and the filter 
circuits are outside the MSR. The liquid helium dewar has an internal tail diameter of 192 
mm and the distance between liquid helium and room temperature is 20 mm. The liquid 
capacity is 40 L and the average boil-off rate is 3.6 L/d with the insert, allowing the refill 
once a week. The bed can be moved vertically and horizontally to adjust the measurement 
positions, and a nonmagnetic cycle was installed for exercise MCG measurements. 

Figure 1. Arrangement of 62-channel planar 
gradiometers. 
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RESULTS 

The 62-channel MCG system was operated inside an MSR which has a shielding 
factor of 40 dB at 0.1 Hz and 55 dB at 1 Hz. Since the MSR is located close to the 
road and cars pass frequently with an average distance of 9 m from the center of 
MSR, additional compensation coils were installed around the MSR to cancel low-
frequency car-movement noises. Using fluxgate magnetometers as the noise sensors 
and the compensation coils, the low-frequency noises could be reduced additionally 
by about 10 times. The noise of the MCG system is about 5 fT/�Hz at 100 Hz, 
including all the noise contributions. Figure 2 shows the dewar, gantry and bed. To 
align the patient with respect to the dewar, we installed two laser beams crossing at 
the reference point of the chest.  

We measured the MCG data at a sampling rate of typically 1 kHz using a 16-bit, 
64-channel A/D card and a personal Windows-based computer. Typical recoding time 
is 1 minute. The signal processing software provides digital filtering, averaging, 
synthetic gradiometer formation and baseline correction using the morphological 
filtering [Mun, 2004]. The analysis software provides magnetic field mapping and 
source current mapping. Based on the field maps and current maps, diagnostic 
parameters are analyzed. Figure 3 shows the current arrow map and some parameters 
used for the diagnostic interpretation of the MCG data related with the myocardiac 
ischemia.  

DISCUSSION 

Using the developed multichannel MCG system sensitive to the field components tangential to the 
chest surface, we could measure the MCG signal effectively. The sensor coverage area could be 
smaller than the conventional normal component measurement to get the magnetic field information 
necessary to map the myocardial source current. The smaller sensor coverage area means smaller 
dewar internal diameter, reducing the boil-off rate of the dewar and maintenance cost.  

Through our sensor coverage area is moderate (162 mm x 1652 mm), simulations based on the 
confidence volume method showed that the present sensor array is large enough to obtain the whole 
information from the heart in a single measurement. The simulation also showed that tangential 
measurement can localize current dipoles deeper than the normal measurement with the same 
confidence volume; thus, it seems that tangential measurements are more suitable to construct an MCG 
system than normal measurement.  

The larger flux-to-voltage transfer of the DROS simplified the readout electronics of the SQUID. 
DROSs provided flux-to-voltage transfers about 10 times larger than the conventional DC SQUIDs, 
direct amplification of SQUID output voltage is possible with room-temperature preamplifier with 
modest input noise. Including all the noise contribution, the MCG system noise is about 5 fT/�Hz at 
100 Hz at the hospital environment, which is low enough for MCG measurements. Using the 
fabricated multichannel MCG system, more than 200 MCGs were measured in normal volunteers and 
patients with heart diseases, demonstrating that the DROS planar gradiometer system measuring 
tangential components could be used effectively in the future multichannel MCG system of compact 
electronics.  
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Figure 2. MCG system with a nonmagnetic cycle.

Figure 3. Current arrow map and 
analysis parameters. 
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Total Information of Multichannel MEG Sensor Arrays 
Nenonen, J., Kajola, M., Simola, J., and Ahonen, A.

Elekta Neuromag Py, P.O. Box 68, FIN-00511 Helsinki, Finland 

ABSTRACT 

Total information calculated from the theory of communication can be utilized in the design of multichannel SQUID-sensor arrays and in 
evaluating their performance. We have estimated the channel capacity (bits per sample) of different MEG sensor configurations. Three sensor types 
were evaluated: i) thin-film triple-sensors combining magnetometers and planar gradiometers, ii) axial gradiometers, and iii) magnetometers. The 
sensor parameters and white noise levels were adopted from representative published data. All sensors were distributed on a helmet-shaped surface, 
the number of channels varying between about 50 and 500. The pick-up coil diameter was set to 28 mm and the rms noise level to 3 fT/�Hz, until the 
sensor distance became smaller than the sensor size. The noise level was then increased proportionally to d-3/2 where d is the coil diameter. The 
results show that the thin-film triple-sensor array has the optimal number of channels around 320, while increasing the number of sensors in pure 
magnetometer or axial gradiometer arrays bring little improvement after 250 channels.  

KEY WORDS 

Channel capacity, total information, SQUID-sensor arrays. 

INTRODUCTION

Several figures of merit have been proposed for MEG detector arrays to provide well defined design criteria, to quantify the performance of 
various arrays, and to compare actual multichannel neuromagnetometers [e.g., Kemppainen, 1989; Ahonen, 1993; Laine, 1999]. In this brief report 
we present calculations which characterize the total information per temporal sample of multichannel data. The results are used to compare different 
sensor arrays where the sensors are distributed on a helmet-shaped surface (Figure 1). Three types of sensors were studied: i) a thin-film triple-sensor 
[Laine, 1999],   where a magnetometer (detecting Bz) is overlaying two orthogonal planar gradiometers [Knuutila, 1993] (detecting dBz /dx, dBz /dy, 
baseline length of 16 mm) , ii) a wirewound axial gradiometer (detecting dBz/dz ~�Bz, baseline length of 50 mm), and iii) a wirewound magnetometer 
(detecting Bz). The rms white noise level of each sensor was first set to 3 fT/�Hz. When the sensors became closer than 36 mm from each other the 
noise level was increased proportionally to d -3/2 where d is the coil diameter.  Some noise level values are listed in Table 1.  

All calculations were performed for dipolar sources in a homogeneous spherical volume. Furthermore, it was assumed that the external 
(environmental) noise sources are eliminated by using a magnetically shielded room, and optionally a set of reference sensors and/or software 
shielding methods [Taulu, 2004]. Thus, only the white noise was considered in the calculations. 

Sensor type Nr of 
channels

Distance Diameter RMS  noise

Magnetometer (thin-film) 102 34 mm 28 mm 3.0 
Planar gradiometer (thin-
film) 

204 34 mm 28 mm 4.8 

Axial gradiometer or 148 26 mm 22 mm 4.6 
265 22 mm 18 mm 6.0 

METHODS

The total information calculations of MEG arrays were first proposed by [Kemppainen, 1989]. A single magnetometer can be regarded as a noisy 
channel conveying information from the sources in the brain. Its output, v(t), is the sum of the signal, b(t), and noise, n(t). When b(t) and n(t) are
normally distributed and independent, the information gained per one sample is  I  = ½ log2 (P+1), where P is the power signal-to-noise ratio (SNR).
In addition to the noise level, P depends on how well the source is coupled to the sensor. In a multichannel array, the coupling of channel k is 
quantified in terms of the lead field Lk, defined by 

bk =����Lk(r’) ·�jp (r’) dv’,           (1) 
where jp (r’) is the primary current density at r’. We assume that no a priori information of the sources is available, and the primary current obeys a 
Gaussian distribution, jp ~ N(0,s2). In addition, the measurement noise is also assumed Gaussian,  nk ~ N(0,�k

2). Power signal to noise ratio for 
channel k becomes then Pk = ||Lk||2s2 /�k

2. Total information, Itot , can be evaluated as a sum over independent channels. In practice, the lead fields of 
the sensors are overlapping, and they need to be orthogonalized to evaluate Pk and Itot.  Compose first the lead field product (gram) matrix 

Gjk = �Lj (r’) · Lk (r’) dv’.           (2) 
It is orthogonalized with singular value decomposition, G = USUT, S = diag(�1, �2, ... �m), where the columns of matrix U are the eigenvectors 

and �k the  eigenvalues of G.  The orthogonalized lead fields become Lk’ = UT Lk , and the orthogonalized SNR becomes 
Pk’ = �k s2 / �j(Ukj�j)2 .            (3) 

The total information of the m-channel magnetometer per sample is thus 

Table 1. RMS noise values used for different sensor types (in units fT/�Hz). The 
white noise levels of thin-film sensors are obtained from the Elekta NeuromagTM

acceptance tests. The planar gradiometer values have been converted to equivalent 
field noises.  

Figure 1. The helmet-shaped sensor array surface of 
Elekta NeuromagTM. A square denotes to two 
perpendicular planar gradiometers, and a circle refers 
to a magnetometer integrated on the same chip. 
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Itot = ½ �k log2 (Pk’ +1).           (4) 

RESULTS 

Following [Knuutila, 1993], we utilized the estimate s = 0.6 �A/m²/�Hz for the standard deviation of  jp, which results in bRMS = 100 fT for 
magnetometers over bandwidth from 0.1 to 30 Hz.  The random current density s is thought to be uniformly distributed in a spherical brain volume 
with the integration radius of 80 mm. The orthogonalized signal to noise ratios according to Eq. 3 are displayed in Figure 2a for three selected sensor 
configurations. The total information calculated from Eq. 4 is presented in Figure 2b as a function of the sensor density. The number of (especially 
axial) sensors can be increased until the signal coils start to touch each other. To increase the channel density even further, reduction of signal-coil 
area is required. Diminishing the coil size however results in increased sensor noise, sufficiently to reduce the total information.

Figure 2. a) Power signal-to-noise ratios of the orthogonalized channels, calculated according to Eq. 3.  Value 1 on the vertical axis 
corresponds to SNR = 1. b) Total information (Eq. 4) as a function of the sensor density when the sensors are distributed on the helmet-
shaped surface of Figure 1. 

DISCUSSION 

Several earlier reports have described the performance of multichannel neuromagnetometers, focusing particularly on the differences between the 
axial and planar sensor arrays. Still, the performance of the triple-sensor array has not been directly compared with arrays of other sensor types (i.e. 
magnetometers or axial gradiometers). The results of this report show that the most important factors defining the performance are the sensor 
geometry that determines the coupling of the individual sensors to the current sources and the brain noise, and the white noise level of the sensors.    

Our calculations cover current sources throughout the volume of the brain. The three sensors in a triple-sensor units have orthogonal lead fields, 
and the consequences of this orthogonality of the basic sensor design are clearly seen. The SNR distribution shown in Figure 2a indicate that the 
triple-sensor array couples more strongly to the increasingly finer details of the field distribution The total information figures demonstrate that the 
sensor array based on the Elekta Neuromag™ triple sensors provides higher performance in neuromagnetic studies as compared to the axial 
gradiometer or magnetometer based sensor arrays. This is primarily because the geometry of the triple-sensor element allows for a very dense spatial 
sampling of the magnetic flux. The design comprising of three partially overlapping pick-up coils, providing three totally independent channels of 
information, allows to increase the total number of channels to over 300 without sacrificing the noise performance of the individual channels. In 
addition, the orthogonality property is especially important in software shielding such as signal space separation [Taulu, 2004]. 
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Visualization of cardiac electrical current using 32-channel
high temperature superconducting quantum interference device  

M. Nomura1, Y. Nakaya2, S. Ito, H, Itozaki3

1Department of Digestive and Cardiovascular Medicine, 2Department of Nutrition and Metabolism,  
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ABSTRACT 

We evaluated whether the cardiac electrical current could be visualized by displaying the current density using a high temperature
superconducting quantum interference device (high Tc-SQUID).  Magnetic fields from heart were measured using a 32-channel high Tc-SQUID 
(Sumitomo Electric Hightecs, Co., Ltd.) in a magnetically shielded room. Vector currents were obtained at 32 lead points based on the magnetic 
gradient, and a current density map were constructed.  Current electrical currents were clearly detected during depolarization and repolarization 
phases.  Previously, the detection of magnetic field from the heart required an expensive SQUID system using liquid helium.  However, this system 
was characterized by its relative higher cost-effectiveness and excellent spatial resolution.  In addition, few studies have been done on the map which 
displays cardiac current density, which can potentially provide important information on electromotive forces.  Therefore, this system can be 
clinically applied because it facilitates the detection of detailed cardiac electrical current. 

KEY WORDS 

Magnetocardiogram, high Tc-SQUID, Cardiac current density, Current density map 

INTRODUCTION

In order to use the magnetic sensor for the vicinity of the absolute zero to cool using liquid helium, it is the trouble of clinical application.  
Because the electrical current and the magnetic field are different in their physical characteristics, information of current dipole which cannot be 
aquired easily by the electroencephalogram and the electrocardiogram is contained in the biomagnetic measurement.  The main reason why the 
magnetic measuremet has not become popular to clinical use is that the superconducting quantum interferometer is expensive in addition liquid 
helium is needed. 

In the present study, we measured magnetocardiograms (MCGs) using a high temperature superconducting quantum interference device (high Tc-
SQUID) developed by Sumitomo Electric Industries, Ltd. Haiteccs and examined whether the heart activity current can be visualized by displaying 
the current distribution from the magnetic isofield map. 

METHODS

MCGs were measured in a healthy volunteer in the simple, magnetic shielded room by a 32-channel high Tc-SQUID using liquid nitrogen (Fig. 
1).  Magnetic isofield maps were constructed during the depolarization and repolarization phases.  Furthermore, vector currents were obtained at 32 
lead points based on the magnetic gradient, and a current density map were constructed by spline interpolation. 

                               

    Fig. 1  High temperature superconducting quantum interference device (high Tc-SQUID) using liquid nitrogen.  
            (Sumitomo Electric Industries, Ltd. Haiteccs)

RESULTS 

1) MCG wave forms at 32 lead points 
Fig. 2 shows the MCG wave forms at 32 lead points.  Magnetographic QRS and T waves were clearly detected using this system.  

2) Magnetic isofield maps at the depolarization and repolarization phases 
Fig. 3 shows magnetic isofield maps during the depolarization (Fig. 3a,b,c) and repolarization (Fig. 3d) phases. In Fig. 3a, current  
dipole directing rightward (initial QRS vector) was detected at 10 msec from the QRS onset. In Fig. 3b, c, current dipole directing inferiorly  
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                       Fig. 2  MCG wave forms at 32 lead points. 

and leftward (depolarization vector from left ventricle) was detected at 20 and 35 msec from the QRS onset.  Fig 3d shows the magnetic isofield map 
detecting current dipole directing inferiorly and leftward (repolarization vector). 

                    a                    b                     c                    d 

                
  Fig. 3  Magnetic isofield maps during the depolarization (Fig. 3a,b,c) and repolarization (Fig. 3d) phases. 

3) Current density map at the depolarization and repolarization phases 
Fig. 4 shows current density map at the depolarization (Fig. 4a,b,c) and repolarization (Fig. 4d) phases.  In both depolarization and repolarization 

phases, large current density from left ventricle and small current density from right ventricle were detected.   
                       a                    b                     c                    d 

              Fig. 4  Current density map at the depolarization (Fig. 4a,b,c) and repolarization (Fig. 4d) phases.

DISCUSSION 

In the present study, deduced electrical currents from this high-Tc SQUID sensor during QRS and T wave were in agreement well with previous 
reports using low-Tc SQUID sensor.  Furthermore, the electromotive force from left and right ventricles could be separated in the current density 
map.  Previously, the detection of magnetic field from the heart required an expensive SQUID system using liquid helium.  However, this system was 
characterized by its relative higher cost-effectiveness and excellent spatial resolution.  In addition, few studies have been done on the map which 
displays cardiac current density, which can potentially provide important information on electromotive forces.  For clinicians, displays in current 
density is much easier to understand cardiac electromotive forces than that of magnetic field.  Therefore, this system can be clinically applied because 
it facilitates the detection of detailed cardiac electrical current. 
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Whole-head SQUID System in a Superconducting Magnetic Shield 
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ABSTRACT 

We have constructed a mobile whole-head SQUID system in a superconducting magnetic shield - a cylinder of high Tc superconductor BSCCO 
of 65 cm in diameter and 160cm in length. We compared the noise spectra of several SQUID sensors of SNS Josephson junctions in the
superconducting magnetic shield with those of the same SQUID sensors in a magnetically shielded room of Permalloy. The SQUID sensors in the 
superconducting magnetic shield are more than 100 times more sensitive than those in a magnetically shielded room of Permalloy below 1 Hz.  We 
tested the whole-head SQUID system in the superconducting magnetic shield observing somatosensorily evoked signals stimulating the median nerve 
in the right list of patients by current pulses. We present data of  64 and 128 traces versus the common time axis and topographies of magnetic field 
above scalps for comparison. Most sensory responses of human brains phase out near 250 ms. However monotonic rhythms still remain even at 
longer latencies than 250 ms. The nodes of these rhythm are very narrow even at these longer latencies just indicating low noise characteristics of the 
SQUID system at low-frequencies. The current dipoles at the secondary somatosensory area SII are evoked at longer latecies than 250 ms making 
contribution to a higher function of brains than senses. The SQUID system has successfully detected magnetic fields from human brains both in 
crowded Nano tech 2003 held at Makuhari Messe exhibition center and in Nano tech 2004 held at Tokyo Big Sight exhibition center.  The success 
could be the first step to mobile clinic for mental care. 

KEY WORDS 

Whole-head SQUID,  Mobile, Superconducting magnetic shield, High Tc superconductor, MEG, SEF, Long latency.  

INTRODUCTION

We have made a mobile whole-head SQUID system in a superconducting magnetic shield of high Tc superconductor as shown in Fig.1.  The 
SQUID system is made of both of a superconducting magnetic shield of high-Tc superconductor BSCCO and SQUIDs of low-noise SNS Josephson 
junction. We describe the characteristics of the system and neuromagnetic SQUID measurement.  

METHODS

The superconducting magnetic shield is made of high-Tc-phase of lead-treated B(P)SCCO. It is a cylinder of 65 cm in diameter and 160cm in 
length to shield human bodies including head from magnetic noises. The cylinder of superconductor is free from mechanical vibrations during 
SQUID measurement because it is cooled down to cryogenic temperature by circulating helium gas sent from a maintenance-free closed-cycle 
helium refrigerator. Therefore all parts of the superconducting magnetic shield tilted at any angles are kept below 70K to ensure superconductivity 
because the shield does not suffer from changes in level of liquid nitrogen. The shielding factors of the superconducting magnetic shield vs. 
frequency is shown in Fig.2 . The shielding factor S is defined as the ratio of the outside magnetic shield to the inside magnetic shield.  The circles 
correspond to the axial magnetic field while the squares correspond to the radial magnetic field in Fig.2.  The shielding factors are almost constant 
below 10 Hz to be about 10,000 while those of Permalloy go down below 1 Hz . This is important because most ambient magnetic noises are largest 
below 1 Hz.   

     

�

��

���

����

�����

������

���� ��� � �� ��� ����

Fig.1  Mobile whole-head SQUID system in operation  in  Nanotech 2003       Fig. 2  Shielding factors of the superconducting magnetic 
in Makuhari Messe exhibition center .                                                          shield  vs. frequency . The circles and the squares correspond to 

 the axial and radial magnetic field respectively. 

RESULTS 

      Noise spectra of  several SQUID sensors were measured both in the superconductiong magnetic shield and in a typical magnetically-shielded 
room of  Permalloy as shown Fig.3.  Compare the noise spectrum (a) in the superconducting magnetic shield and the noise spectrum (c) in the  
magnetically-shielded room. The SQUID sensors in the superconducting magnetic shield are more than 100 times more sensitive than those in a 
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magnetically shielded room of Permalloy below 1 Hz.  The noise spectrum (b) was obtained when both the SQUID sensor and the pick-up coil were 
tightly wrapped by a superconducting lead(Pb) foil. Therefore the noise spectrum (b) indicates the intrinsic noise of the SQUID sensor. Surprisingly 
enough, the noise spectrum (a) in the rather open shield is very close to the noise spectrum (b) in the completely closed shield especially below 10 
Hz.  

This means that other factors limit the sensitivity of the SQUID system than the magnetic shield at present.  
We tested the whole-head SQUID system in the superconducting magnetic shield observing somatosensorily evoked signals stimulating the 

median nerve in the right list of patients by current pulses.  The ISI is randomly changed between (1000 + 250)  and  (1000 - 250) ms. 

Fig.3  Noise spectra of a SQUID sensor both in the superconducting magnetic shield      Fig.4  Block diagram of SEF experiment 
          and in the magnetically shielded room of Permalloy. 

Figure 5 shows 64 traces of each channel versus the common time axis. Theta rhythms are observed at longer latencies than 250 ms. The nodes of 
the theta rhythm are very narrow even at longer latencies than 250 ms just indicating small low-frequency noises. Most sensory responses of human 
brains phase out within 250 ms. The current dipoles at the secondary somatosensory area SII are evoked at longer latencies than 250 ms making 
contribution to a higher function of brains than senses. 

These rhythmic after-discharges at long latencies could be caused by after-depolarization or ahter-hyperpolarization at synapses.
Calcium ion channels have longer time constants than 1 sec requiring good magnetic shields in low frequencies. 

Fig.5  Typical SEF data of the 64 channel SQUID system .                        Fig.6  Typical SEF data of the 128 channel SQUID system . 

REFERENCES 

1. H. Ohta, M. Aono, T. Matsui, Y. Uchikawa, K. Kobayashi, K. Tanabe, S. Takeuchi, K. Narasaki, S. Tsunematsu, Y. Kamekawa,  
    K. Nakayama, K. Koike, K. Hoshino, H. Kotaka, E. Sudoh, H. Takahara, Y. Yoshida, K. Shinada, M. Takahata, Y. Yamada, 
    IEEE Trans. on Applied Superconductivity, Vol. 9 (1999) 4073.  
2. H. Ohta, T. Matsui Supercond. Sci. Technol. 12, 762 (1999).  
3. H. Ohta, A. Koike, K. Hoshino, H. Kotaka,  E. Sudoh, K. Kato,  H. Takahara, Y. Uchikawa, K. Shinada, M. Takahata,  
   Y. Yamada and  T. Matsui,  IEEE Trans. Applied Superconductivity  MAG-27 (1993)1953



P5-1

636

Calibration of a Vector-MEG Helmet System 
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ABSTRACT 

The calibration of the multichannel vector-magnetometer Argos500 targets two results: 1) determine the actual geometry of the sensors array, 
which can deviate from the design specifications due to manufacturing, assembling tolerances and thermal deformations, and 2) the actual sensitivity 
of each sensor. To achieve these goals, a dedicated magnetic source has been developed and constructed. 

The processing algorithm consists of three main steps: 1) estimate position and orientation of the calibration device, 2) estimate the sensors 
geometrical parameters, and 3) calculate the magnetometers sensitivity. Simplex conjugate minimization techniques are used for steps 1 and 2. Step 3 
is achieved by minimizing the difference between measured and predicted fields, in the least squares sense. The large number of sources and their 
different orientations allow for a precise and redundant characterization of all the sensors present in the Argos500 helmet system (presented 
elsewhere in this conference), including the reference triplets used for the noise suppression by forming vector gradiometers with the main sensors. 

KEY WORDS 

Instrumentation, calibration, vector-magnetometers. 

INTRODUCTION

The ultimate goal of the calibration is the estimation of the sensors locations, the orientation of the normal vectors to the surface, and the 
deviation of the sensors sensitivity from the nominal values given as system specifications. 

METHODS

A dedicated magnetic source has been developed and constructed. It consists of 31 coils (diameter 5 mm) regularly distributed on a sphere 
(diameter 10 cm), at points equivalent to the corners of a dodecahedron and its reciprocal icosahedron (Figure 1). Both solids are inscribed in the 
sphere. The 32nd point of this assembly, the “south-pole”, is used for the mounting fixture. The coils axes are radial and therefore the magnetic 
dipoles are orthogonal to the surface of the sphere. A dedicated circuit activates sequentially the coils with a low frequency sinusoidal signal for a 

time length which can be programmed through the acquisition script (typically 15 
seconds). The signals generated in this way are measured by the 500-channel helmet 
system and are used in a best-fit procedure to get a robust estimation of the system 
parameters.  

To increase the signal to noise ratio of both magnetic signals and electrical reference, 
the excitation frequency is estimated and a resonant band-pass filtering centred at that 
frequency is applied to the signals. 

GENERAL OVERVIEW OF THE ALGORITHM
The first part of the calibration algorithm consists of the estimation of the geometrical 

parameters of the calibration sphere. The six parameters to be fitted are the position and 
the orientation � �sphsphsphsphr ��� ,,,�

of the reference system positioned at the centre 

of the sphere, with respect to the helmet reference system (HRS). A first rough fit, based 
on the minimisation of the distances coil – sensor, delivers a first set of values. Using 
these values as first guess, refinements of these values are found through the iteration of a 
new best fit criterion between the predicted field generated by the whole of the magnetic 
dipoles and the measured field over the whole sensors array, i.e. the maximisation of the 
correlation coefficient between the predicted and the measured fields. 

We assumed that the diameter of the circular loop carrying electric current is very 
small in terms of wavelength. This hypothesis is banally satisfied in our case due to the 

quasi-static approximation valid for the MEG fields [Sarvas1987]. The relevant content in the temporal frequency spectrum for MEG and EEG 
signals is, in fact, below 1 kHz, and generally in the range 0.1 – 100 Hz. In the quasi static approximation, the equations for H

�
 are simplified by the 

assumption 0��  [Hämäläinen1993]. The solution is implemented for non-negligible dimensions of the coils. 
The fitting procedure is a simplex conjugate algorithm, which uses 

pn�3 test points, where 6�pn  is the number of parameters to be estimated, 

as possible new centre of the sphere for each trial of the fitting iteration. Each parameter of the set for a test point is randomly distributed between an 
upper and a lower limit which reflects the geometry of the system interaction between calibration sphere and sensor array. 

For each of the test points is calculated the predicted field for each coil at the location of each sensor, and the match with the measured field 
matrix M̂  is evaluated in terms of correlation coefficients (Figure 2 and 3). Demeaned and normalized quantities are used for both the M̂  matrix and 
the predicted field 

snH ��
� , being not the correlation values influenced by the signals amplitude but for the non zero mean value. Once the best set of 

parameters for the calibration device has been found, the fit is repeated to assure robustness to the solution. The cartesian positions of the coils in the 
HRS and the vectors normal to the coils surface pointing outwards from the sphere are finally calculated exploiting the knowledge of the geometrical 
structure of the calibration device, once the centre of the sphere has been localized. 

Figure 1. The calibration device: the 31 coils are 
placed at the corners of a dodecahedron and its 
reciprocal icosahedron, both inscribed in the sphere.
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ESTIMATION OF THE CORRECTIONS FOR THE COILS GEOMETRICAL PARAMETERS.
The actual coils orientations may differ from the nominal values, because the coils turns may not be perfectly coaxial. This can be corrected by 

estimating the actual values of the orientations for each coil. Also the actual intensity of the dipoles can be different from the design values. This can 
be caused by machining tolerances. By means of a minimization algorithm, these errors can be calculated and the corrected values are substituted to 
the ideal ones in the calibration process to eliminate the contribution of the imperfections of the construction. 

FIT OF THE SENSORS GEOMETRICAL PARAMETERS.
The locations and the orientation of the vectors normal to the sensors surface, pointing towards the sphere, for each sensor, are the target of a new 

fitting routine which processes the sensors one by one. The fitting algorithm is again a simplex conjugate one with randomly distributed starting 
points. Now the predicted field used to calculate the correlation values is given by the contribution of all coils to the sensor under estimation. 
Correspondingly, the information about one sensor and all the coils is extracted from the M̂  matrix. This means that the number of observations for 
the fit of the six sensor parameters drastically reduces to 311� . A new set of positions and normal vectors for the sensors is found and is substituted 
to the construction values in the following steps of the algorithm.

CALCULATION OF THE PHYSICAL PARAMETERS OF THE SENSORS.
In the previous step, the sensors sensibilities have been supposed equal for all sensors. Actual values of these parameters are calculated as 

follows: the fit of the geometrical parameters of the calibration object and of the sensor array are iteratively repeated using the new values until an 
equilibrium solution for the geometrical parameters as well as for the sensors sensitivities is achieved. The relative sensitivity of the sensors array is 
calculated in analogy with the calculation of the magnetic dipoles intensities. 

RESULTS 

To check the consistency and the precision of the estimated results, four data sets have been acquired at different positions of the sphere, starting at 
the innermost of the helmet and then at nominal 40, 60 and 80 mm displacement, along the z axis of the HRS. The algorithm is able to reproduce 
these positions with a tolerance of 1 mm ca. (Table 1), which is also the precision achievable in the manual positioning of the calibration device. 

COMPENSATION MATRIX.
The on-line digital environmental noise cancellation, works by using in the 

acquisition phase the compensation coefficients providing the linear combination of 
magnetic and/or reference channels, as in 

����� 2211 iiiiii raramy
where im is the i-th magnetometer and ikr  the k-th reference channel for the  i-th
magnetometer. 

The
kia  coefficients are, in general, obtained through the minimization of the environmental noise contribution in a given frequency band.

Once these coefficients have been appropriately estimated, they are saved in the configuration template for the data acquisition and then stored in 
the header of the data file in the section COMPENSATION MAP. This matrix, is used in the correction of the predicted field generated by a given 
source in the off line signal analysis. This procedure is implemented in the OMEGA software. 

The estimation of the compensation matrix for the ARGOS500 is related to the geometry of the sensors array for this system. For the helmet 
system ARGOS500, the different spatial orientations of the magnetometers, makes the choice of the references channels not so straightforward. 
Therefore, the optimal choice of the reference triplets for each pyramid is object of current work. 
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Position (mm) Orientation (rad) 
 1.4 -24.3  65.1  0.009 -0.160 1.571 
-1.1 -20.0  27.0 -0.031 -0.150 1.545 
 0.0 -19.2    7.9 -0.033 -0.143 1.543 
-2.5 -16.5 -12.6 -0.039 -0.145 1.537 

Figure 2. Measured field distribution over the helmet 
generated by the coil number 30 

Figure 3. Calculated field distribution over the helmet 
generated by the coil number 30 for the best fit solution 
of the fitting routine. 

Table 1. Estimated position and orientation values of 
the centre of the calibration sphere for four data sets.
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Figure 1. Sensor arrangement of the 16 
channel SQUID vector magnetometer 
module manufactured by PTB. The SQUID 
sensors are located so that all vector 
components of the magnetic field can be 
estimated at three vector points (VPs). The 
lines connecting the SQUIDs illustrate the 
construction of the VPs. 

�

•

A Sensor Configuration for a 304 SQUID Vector Magnetometer 
Schnabel A., Burghoff M., Hartwig S., Petsche F., Steinhoff U., Drung D. and Koch H.

Physikalisch-Technische Bundesanstalt (PTB), Abbestr. 2-12, 10587 Berlin, Germany  

ABSTRACT 

PTB builds up a new low temperature SQUID detector system specially designed for the use inside its new strongly magnetically shielded room. 
The system is housed in a dewar with a flat bottom and a sensor area of �250 mm. The SQUIDs are arranged so that in addition to the usually 
measured Z-component of the field the horizontal magnetic fields are measured too. A total of 304 DC-SQUID magnetometers are divided up into 19 
identical modules. The 16 SQUIDs of each module are located in such a way that an estimation of the magnetic field in all three dimensions is 
possible at three points inside the module. The 57 SQUIDs of the lowest Z plane of all modules form a hexagonal grid with a base length of 29 mm. 
An explanation of the decision criteria for the chosen structure is given. The physical principle behind the complex SQUID arrangement is explained 
and the first module is presented. 

KEY WORDS 

Vector magnetometer, sensor configuration, DC-SQUIDs, magnetically shielded room, biomagnetic measurements. 

INTRODUCTION

The new magnetically shielded room BMSR 2 [Bork, 2000] of PTB, which was 
manufactured by Siemens AG and VAC GmbH & Co KG, has a very high passive shielding 
factor. It exceeds 100,000,000 above 6 Hz. With additional active shielding the chamber has 
a shielding factor of more than 7,000,000 down to 0.01 Hz. This means that there will be 
virtually no power line interference if the grounding is done properly. It also allows one to 
use magnetometers rather than gradiometers which yield the maximum signal-to-noise ratio. 
Using SQUIDs with a low 1/f corner direct observation of dc-like magnetic phenomena like 
injury currents, spreading depression or magnetic marker signals in the alimentary system is 
possible.

Another requirement to the chamber was a low noise level produced by the chamber 
walls. Inside the measuring volume it is less than 2 fT/�Hz so that SQUIDs with a white 
noise level below 2 fT/�Hz together with a dewar that also has a white noise level less than 
2 fT/�Hz are required for an optimal use of the chamber.  

Apart from these general features of the measuring system arising from the parameters 
of the used chamber, there were other restrictions to the design. For practical reasons the 
amount of SQUIDs had to be limited to about 300 SQUIDs. The system should also be 
usable for a more general purpose. Therefore a dewar with a flat bottom surface built by 
Eagle Technology (ET) was chosen. Due to the forces produced by the insulating vacuum 
the sensor area of the dewar is limited to a round area with �250 mm. The decision for a 
vector magnetometer is based on the good experience with a small version tested before 
[Burghoff, 1999]. This means that the SQUIDs must be arranged so that all three 
components of the magnetic field can be estimated at as many points as possible. It is 
desirable that these points, which we call vector points (VP), are located in at least three 
different z layers. Since the magnetic field strength of every local magnetic field source is 
rapidly decreasing with distance it is favorable to have a high sensor density at the bottom 
of the dewar. This results into high localization accuracy. To allow an easy extension of the 
measuring area for periodic or triggered signals a homogeneous SQUID distribution in the 
X-Y-plane is preferable which makes it easy to extend the measurement area by shifting the 
dewar in the X-Y-plane. 

METHODS

In the cube concept [Burghoff, 1999] six SQUIDs are placed on the centers of the sides 
of a cube. The three average values of the signals of opposing SQUIDs are a good estimate 
of all three components of the magnetic field at the center of the cube. However, the concept 
does not meet all conditions listed in the introduction. Two new thoughts extended the cube 
concept to the presented solution.  

First: To adapt a pile of cubes to the decreasing field strength in Z-direction it is possible 
to deform the cubes to cuboids with growing heights. This increases the absolute error of 
the Z-component of the VP due to the greater distance between the SQUIDs. On the other 
hand the error is in first order proportional to the second order gradient of the field which is 
decreasing with distance. In most applications we expect a decreasing absolute error due to 
the strong field inhomogeneity of the measured sources.  

Second: It is not necessary to place the SQUIDs at the center of the cube sides. They can 
be anywhere on the plane defined by the surface of the cube as long as the corresponding 
partner SQUID is moved in the opposite direction so that the connecting line between the 
two parallel SQUIDs is still going through the center of the cube. As long as the pick up 
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Figure 2. Photograph of the first module of the 304 SQUID vector magnetometer.

coils of the SQUIDs are not turned they are still 
measuring the magnetic field perpendicular to the 
cube’s surface. The average value of the two 
SQUIDs is, as before, an estimate of the field at 
the center of the cube. In this configuration the 
error depends on the second order gradient of all 
field components. It furthermore increases due to 
the longer distance between the SQUIDs. On the 
other hand the application of the second thought 
helps to get the same information with fewer 
SQUIDs. If two cubes are placed on top of each 
other the upper SQUID of one side can be moved 
down and the lower SQUID of the same side 
moved up until they are at the same place. In this 
case only one SQUID is needed at this position. 
On the opposite side the corresponding two 
SQUIDs are then located at the top and bottom 
edge of the small double cube tower. Doing this 
consequently starting with three cubes stockpiled 
12 SQUIDs will be needed for the three VP 
instead of 16.  

Our module shown in figure 1 is constructed 
out of three cubes put on top of each other as 
described above. The cubes are stretched to 
cuboids and then SQUIDs of opposed sides are 
moved. The module therefore still has 3 VPs at 
the Z-axis. Since we preferred a 16 channel electronics for each module 4 additional SQUIDs can be used to further increase the SQUID density at 
the bottom of the module. Two of them are added to the SQUID at the lowest Z-plane. The other two are added to the two lowest X-Y-planes. This 
leads to a triangular configuration in the lowest planes. As a result, the Y-component of the magnetic field has to be estimated by combining the 
output signals of two adjacent SQUIDs using a trigonometric function. Due to the triangular configuration, the distance between the SQUIDs is 
maximized and thus the crosstalk is minimized.  

The total sum of 57 Z-SQUIDs in the lowest plane of all 19 modules is arranged on a hexagonal grid with a base length of 29 mm (the resulting 
hexagonal grid baseline of the modules is 50 mm). The structure of the modules allows the calculation of further VPs between the modules if data of 
neighboring modules is used. This increases the number of possible VPs. In each plane 61VPs can be estimated at 15 mm, 50 mm, 105 mm above the 
bottom Z-plane. These are enough VPs to allow a 3-dimensional image of the measured magnetic field. 

CONCLUSIONS 

The described concept requires a complex non-magnetic SQUID holder. We designed it by using a 3D CAD program and manufactured all parts 
of the holder by a five-axis CNC-machine. A photograph of the first module is shown in figure 2. The FLL electronics for the PTB W9A SQUIDs 
[Drung, 2002; Drung, 2003] is placed at the top of the Dewar. It is connected to a data acquisition system [Müller, 2003] situated in an RF shielded 
room which is directly connected to the RF shield of the BMSR 2. Measurements with the first module are presented in different contributions by 
PTB at this conference. At present the other modules are in production to complete the system. First tests to construct the magnetic vector field are 
done using sequential measurements with one module [Steinhoff, 2004]. By the time the sensor system will be finished the software of the data 
acquisition system will be able to give a three dimensional image of the measured magnetic field.  
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Fig.1 440CH MEGsystem. 

Table1 Summary of the system characteristics.  

Fig.2 Magnetically shielding roo of  
the system. 
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ABSTRACT 

Recently we have installed a MEG system with 440CH sensors manufactured by Yokokawa Electric Ltd. at the Kashiwa Campus of Tokyo
University. It measures MEGs at equally distributed 300 sites over a head with axial gradiometers, whose location intentionally designed to cover 
lower part of head. Seventy out of the 300 points are consisted with vector sensors which are all axial gradiometers. Base line is 5 cm and the average 
distance between the sensors is about 2 cm. Each sensor noise is less than 9 fT�Hz for 1-40Hz. It can measure MEG in both sitting and lying 
positions.

The helium consumption of the dewar is less than 11 litters per day. The magnetically shielded room has three layers with over 104 shielding 
factor at 1Hz. The software for the system is operated under Windows XP and data is transferred through LAN with 1 G bps.  
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INTRODUCTION

We have been using the whole head type MEG over ten years from the very beginning of the firstly commercialized model [Takeda, 1996]. The 
system has become a rather old type and had fewer sensors compared with latest MEG systems. So we have developed a new MEG system which has 
much more channels and vector sensors based upon the requirements derived from our ten years’ experience. The purpose of the present report is to 
describe the newly installed 440 CH MEG system with vector sensors at 70 points over a head. 

DESIGNED PROPERTY 

Fig. 1 shows the dewar, gantry and chair of  
the system. The measurement can be 
performed both in sitting and lying positions. 
The main characteristics are listed in the Table 
1. Sensors are located at 300 points over a 
head and seventy of them are vector sensors. 
They are distributed roughly equal and mean 
distance between the sensors are about 20mm. 
The total sensor number is 440. All the vector 
sensors are made by axial type gradiometers. 
Sensors for Z direction (the axial direction) are 
two oppositely wound circles and the sensors 
for X and Y direction are two oppositely 
wound squares. The areas of the squares are 
smaller by some 10 %, but the gain is tuned to 
make the output voltage to be comparable. The 
system noise is lower than ������� and a bit 
better than common MEG systems. EEG can 
be measured simultaneously up to 64 CH. 
There are also 64 external input lines which 
enables flexible trigger set up. 

A special dewar is developed which has a 
long insert to prevent invading heat from outside if the  
dewar. The insert is divided into two and has narrow gap to let the helium gas, whose temperature  
is about 40 K, flow  through the gap and the neck tube of the dewar getting rid of the heat invading into the 
dewar.  

The magnetically shielded room (Fig. 2) has three permalloy layers with 2 mm thick each and 5 mm 
thick aluminum layer. Its inner size is 3000 x 3920 x 2900 (width x depth x height). The shielding factors 
are 60 dB at o.1Hz, 82 dB at 1Hz and 100 dB at 10 Hz. There is a hole 400 x 600 (width x height) with a 
long sleeve that enables image projection through it.  

PERFORMANCE

Noise level is depicted in Fig. 3 which is the FFT of the 60 s recording without subjects during in the day 
time. Most of the sensors with few exceptions fulfilled the specification as shown in the figure. 

A phantom head of 136 mm diameter filled with a physiological salt solution  (Fig. 4) is made to access 
the accuracy and the resolution of the MEG measurement with the new system. It has 5 x 4 (horizontal x 

Measurement point 300 points 

Vector measurement 70points 

Measurement channels 440 CH 

Noise 9fT/�Hz lower 

Diameter of Z coil 15.5 mm 

Coil for X and Y 15.5 x 9.0 mm square 

Baseline 50 mm 

Mean distance 20 mm 

EEG 64 points  

Position Sitting and laying 

A/D 24 bits 

Sampling rate 10KHz lower 
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Fig.3 Noise level of the system. Fig.4 A phantom head developed. 

Fig.1 440CH MEGsystem. 

Fig.5 Super imposed data measured using the phantom head.. 

Table 2 Result of dipole estimation of the above. 

Fig.6 Isocounture map at a peak latency shown in Fig. 5. 

vertical) electrodes each separated by 10 mm which make 5 mm length current flows. Sinusoidal wave of 13 Hz and 14 �A was used to make a dipole 
and the data were averaged over 100 times. 

Fig. 5 shows stacked waveform of 440 channels data which was generated by 2 electrodes 40 mm apart in the same horizontal line and were 
activated in the opposite direction. Hardware 100 Hz low pass filter was applied but no other software filters. One hundred data were averaged and 
the noise level was sufficiently low and about half of that of the previous system equipped in Tokyo.  

Isocontour map made by 300 axial data at one peak latency (166 ms) is shown in Fig. 6. Dark portion is the inflow and two thin portions at the 
both sides of the dark portion are the outflow of the magnetic field. Dipole estimation with 2 dipoles model was performed at ten peak points and the 
result is listed in the Table 2. It is confirmed the accuracy increases and the variance decreases with the increase of the channel number.  

REFERENCES 

Takeda,T., Morabito,M., Xiao,R., Hashimoto,K., Endo,H., :, Cerebral activity related to accommodation : A neuromagnetic study, 
Electroencephalography and clinical Neurophysiology Suppl., 47, 1, 283-291, 1996 

Takeda,T., Kumagai,T., Morabito,M., Endo,H. : Use of a CRT as a visual stimulator in MEG measurements, Recent advances in event-related brain 
potential research, edts. Ogura, C., Koga, Y. and Shimokochi, M., Elsevier Amsterdam, 510-516, 1996 

Channel X Y Z � � Intensity GOF 
300 26.6±1.2  2.7±0.9 73.0±1.1 88.8±0.6 262.4±2.3  12.2±1.3 95.1±1.0 

 -13.1±1.5  3.6±1.1 72.1±2.3 89.2±0.4 91.3±4.2  12.8±2.0  
70 22.6±2.8  4.6±1.9 71.9±1.8 88.8±1.2 265.3±2.6  16.8±3.8 97.3±0.7 
 -8.5±3.2  3.5±2.1 70.0±3.5 89.2±1.3 94.5±3.7  17.4±3.7  
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Fig.1 Transfer tube developed. 

A Liquid Helium Circulation System
Takeda, T. and Uchida, A.

Dept. of Complexity Sci. & Eng., Graduate School of Frontier Sciences, Univ. of Tokyo, Tokyo, JAPAN  

ABSTRACT 

There are two major problems to prevent widespread use of MEG; that are the extravagant waste of the expensive liquid helium into the air and 
the frequent need of liquid helium transfer. So, we have been developing a system to collect evaporated helium gas, cool it down to liquid and return 
it into the dewar using a small cryocooler without making any disturbing noise to the biomagnetometers.  

The key idea is not to use liquid helium directly to keep the dewar cooled down, but to utilize relatively high temperature helium gas (about 40K) 
cooled by the first stage of the cryocooler to get rid of invading heat to the dewar. The gas is fed at the neck tube of the dewar. The evaporated helium 
gas in the dewar is collected swiftly while it is in the low temperature and is returned to liquid without using much energy. 

A very special transfer tube that passes liquid helium, low temperature helium gas (about 5K) and relatively high temperature helium gas (about 
40K) has been developed to accomplish the above idea. It has been found that the blockage in the pipe of the system by some contaminating gases 
such as oxygen and nitrogen is very serious problem for the sound operation. Hence, a new refining device to prevent the contamination was 
developed that had an electric heater to remove the frozen contamination gases in the form of gas. Tentative performance will be explained at the 
conference. 

KEY WORDS 

Helium, MEG, Cryogenics, SQUID, Circulation, Re-use, Transfer, Contamination, Energy 

INTRODUCTION

The number of sensors used in magnetoencephalography (MEG) systems has been increasing and several systems have 300 or more and, in the 
near future, may have 1,000 channels. It increased the special resolution of MEG considerably and opened much applicability of MEG. Though the 
use of MEG is steadily on the rise, there are major problems with the cooling system. It is estimated that a single MEG system consumes more than 
6,000 litters of liquid helium per year. In addition to it being very expensive, the systems require the liquid helium transfer into the dewar once or 
twice a week. 

There are few reports on dealing with this problem. One research group developed a direct cooling system that requires no helium, but it 
produced noise that interfered with normal operation of the MEG system [Suzuki, 1998]. An alternative way is to collect the evaporated helium and 
cool it down with a small cryocooler, of which there are several commercially available systems for use in cryogenics (TRG-350D, Taiyo Toyo Sanso 
Co., Ltd.; HRT-K212, Sumitomo Heavy Industries, Ltd.). 

However, those systems have common problems: (1) production of the liquid helium consumes large amounts of electricity; (2) they produce a lot 
of magnetic noise which hampers normal operation of the MEG systems; and (3) they cannot be run continuously for more than two weeks. Hence, 
we set about developing another type of helium circulation system, without the above problems, suitable for MEG systems. 

PREVIOUS DEVELOPMENT AND NEW TRANSFER TUBE 

The liquid helium is inevitable to keep SQUIDs to 
be in the super conducting state, though the produced 
heat from SQUIDs per se is very small. In order to 
make the equipment size compact, MEG uses the 
liquid helium to keep the dewar in a low temperature. 
So the liquid helium used for MEGs mainly contribute 
to remove the heat coming from outside the dewar. On 
the other hand, it is relatively easy to cool the helium 
gas to 30-50 K but needs much more energy to cool it 
further to liquefy. Hence, present cooling stile of MEG 
is very inefficient and relatively higher-temperature 
helium gas cooled by a pre-cooling stage could be used 
to cool the dewar, as is done in nitrogen-gas cooling 
systems used for MRI (magnetic resonance imaging) 
systems. This was the basic idea of the helium 
circulation system.  

The developed system had three streams of helium. 
The evaporated helium gas from the liquid helium in a 
dewar was immediately corrected and passed through 
path 2 and cooled down in a condenser by the second 
stage of a cryocooler and returned to the surface of the 
liquid helium in the dewar through path 1. The high 
temperature helium gas, say at 40 K, brewed into the 
dewar through path 3 at a higher position just below a 
neck tube. The gas passing through the neck tube took 
out the heat coming from outside the dewar and was 
circulated to the first stage of the cryocooler. The 
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Fig.2 Refiner developed.                     Fig.3 Check valve developed.     

amount of circulation of the high-temperature gas was controlled by a small pump and mass flow controllers. 
The development goal was set to be (1) energy consumption of electricity should be lower than 1/3 of that necessary for the direct circulation 

systems, (2) it should be usable over one year without long halt for maintenance, (3) it should be usable for MEG without emitting disordering 
magnetic, vibrational and acoustic noises. A pilot system was developed with a special transfer tube and a refiner [Takeda, 2001, 2002]. The transfer 
tube was 12 mm in diameter and had 5 concentric tubes. The diameter was determined to meet the requirement to be usable for a CTF’s dewar. The 
diameter was so small that the separation of the three circulation paths was not enough hampering energy efficiency. Malfunction was sometimes 
happened because some small particles blocked the narrow gaps. Several refiners were developed to collect impurities in a solid state and have 
enough capacity. However, the amount of impurity was exceeded our prediction and caused sporadic blockage.  

Fig. 1 shows the schematic diagram of the developed transfer tube. The diameter of the tube to be inserted into a dewar is 38 mm to enable the 
enough heat separation and flow areas. Present transfer tube has vacum separation between liquid helium and low temperature helium gas gathered 
just after evaporated from liquid helium to ensure swift cool down of the circulation system. Vacuum layer and areas of three paths for the liquid 
helium, low temperature gas and high temperature gas were increased over four times to reduce pressure losses. Enough thermal sink by a thin 
copper tube and SI (super insulator) were equipped.   

NEW REFINER AND OPERATION 

Fig. 2 depicts the schematic diagram of the developed 
refiner. The pipe line made by stainless steel with high heat 
resistance was designed to have as long as possible. For that 
reason the pipe was designed to penetrate the refiner and the 
input gas is released at the top of the refiner. Small cells are 
piled up at the upper part of the refiner. Each cell has a 
small entrance hole and an exit hole separated by a wall and 
the gas is directed to circulate to one direction to get 
through the cell. That is designed to prolong the time for the 
gases to pass the cells to ensure the impurity gases to be 
frozen. The height of the cells were reduced gradually to 
increase the number of cells piled and to prolong the time to 
pass through the cells. At the lower part of the refiner, it has 
three boxes that have small copper balls those diameter was 
reduced sequentially to make sure to freeze the impurity 
gases.  

Present refiner is designed to get the impurity gas as 
much as possible and the frozen gases would be distributed 
equally in the refiner. If the refiner catch too much impurity, 
it would be inevitable to be blocked. After the blockage is 
occurred, the refiner is designed to get rid of the impurity 
gases in the form of gases from the refiner. Inflow pipes are 
closed by electric valves and after outflow pipes are opened 
by other electric valves, a vacuum pump starts to suck the 
refiners. Special check valves are attached at the outlets of 
the refiner which have ceramic balls on corn pipes (Fig. 3). 

They ensure smooth gas flow to normal direction but 
stop the gas flow if they were sucked in the opposite 
direction. As they were made of metal pipes and small 
ceramic balls, they can be used as check valves in the 
extremely low temperature. 

Then the heaters attached around the refiners are operated to warm the refiner above 90 K to make the frozen impurity to gases. After pumping 
the impurity gases out of the refiner, the pump is stopped and the outlet valves are reversed. The cryocooler is kept operated to ensure the swift return 
to normal operation. After the temperature of the refiners downed below 50 K, normal operation is resumed. The process of the blockage removal 
from the refiners takes about two hours and it dose not interrupt normal usage of the MEG system heavily. The operation and assessment of the 
developed system is underway. 
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ABSTRACT 

We propose new methods to control the active magnetic shield system composed of plural compensation coils, plural broadband magnetometric 
sensors, and a control unit. The conventional active magnetic shield system suffers from the oscillation problem because a magnetometric sensor 
detect environmental magnetic noise and compensating magnetic fields generated by the currents flowing in not only the nearest coil but also other 
coils. To prevent this oscillation problem, we propose two methods (Base Transition Method and Genaral Inverse Matrix Method) using the 
sensitivity co-efficients. In both proposed methods, the stability of controlling the prototype system has been confirmed in the experiments. 

KEY WORDS 

Active magnetic shield, Magnetic field compensation, Base transition method, Oscillation, MCG, MEG, Magnetization of biomagnetite, 
Magnetization of ferumoxides. 

INTRODUCTION

     Environmental magnetic noises adversely affect measuring equipments in fields such as biomagnetism measurement, localization of magnetic 
fluid marker in vivo, study on characteristics of magnetic materials and so on. The earth magnetism is always varying because of the affections of the 
solar storm and the core activities in the earth. The magnetic fluxs concentrate to automobiles, elevators, steel doors and other structures made of 
magnetic materials. Therefore the spatial movement of them causes environmental magnetic noises. Electric currents flowing in near catenary cables 
of DC electric railcar or supply cables for power-electronics apparatus around and spinning fans for air-conditioning also cause noises. These  
environmental magnetic noises generally have spatial inclination. AMS (active magnetic shield) system with plural coils and plural sensors is thought 
to be a better technical method to reduce environmental magnetic noises than heavy MSR (magnetic shield room) made from expensive materials 
such as Permalloy because AMS could generate homogeneous zero magnetic fields by using plural coils. However conventional AMS system has the 
oscillation problem because magnetic fields are piled up at each sensor position to compensate environmental noises by plural coils. Here we propose 
new control methods to prevent this oscillation problem. 

METHODS

[Base Transition Method] 
In AMS system with m compensation 
coils and n magnetometric sensors, 
the output Bj of sensor j is predicated as 
residual environmental magnetic noise. 

                       (1) 
where Sj is true environmental magnetic 
noise at sensor position j and Oj is 
estimated compensation magnetic field 
value given by eq. (2) 

                       (2) 
where a sensitivity co-efficient �ij is 
defined as the output value of sensor j when unit current is supplied to only 
compensation coil i, and ui is electric current flowing in coil i to compensate 
environmental noises. 
Evaluation function E given by eq. (3) can be translated such as (4),(4’), and (4’’). 

  (3) 

 (4) 

 (4’) 

             (4’’) 

Here  ,  , 
As evaluation function E is always a parabolic function concerning as a 
unknown value ui, we use the following recurrence formula eq.(5) in order to 
minimize evaluation function E eq.(3). Ki is a constant co-efficient previously 
calculated by using m×n sensitivity co-efficients. 

Figure 1. Explanation of Base
Transition Method Figure 2. Construction of Experimental System 

a) System 

b) D/A and Voltage/Current converter   
Figure 3. Photograph of Experimental System and Boards 

       
c) Sigma-Delta A/D Converter 

       
               d) MR Sensor
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(5)             Here (6)
Here eq.(5) is given by the fact that the axis of 
parabolic function E is given by eq.(7). 

       (7) 
 However each sensor must be assigned to the most 
appropriate position to generate a homogeneous 
zero magnetic field space. 
It is very interesting that if m is equal to n and all �ij
is zero when i is not equal to j, equation (5) reduces 
to Gauss-Seidel Method, and that Ki is equal to the 
best step co-efficient � of adaptive digital filter 
algorithm called as LMS (least square mean). 

[General Inverse Matrix Method] 
It is defined that A is sensitivity matrix with m×n sensitivity co-

efficients �ij as elements, U is coil current matrix, S is true 
environmental noise, O is compensating magnetic field matrix, and  
B is sensor output matrix. The condition is given by eq.(15) to 
minimize evaluation function E eq.(14). We propose algorithm 
eq.(17). Here A- is general inverse matrix of A.

     (8),            (9) 

 (10),            (11) 

(12),          (13) 

         (14) 

   (15),     (16),    (17) 

RESULTS 

As shown in figure 2 and 3, our prototype apparatus of active 
magnetic shield system was composed of  6 coils, 6 MR sensors, 
sigma-delta A/D board with 6 input channels, a computer, and D/A 
and Voltage/Current converter board with 6 output channels. As 
shown in figure 4, sensitivity co-efficients of which total number is 36 could be measured by our prototype system and inverse matrix of them were 
calculated. The coil configuration had strong cross-interference condition because of short distance between coils. However it seems that our 
proposed active magnetic shield with new control method is very effective as show in figure 5. 

DISCUSSION 

It has been demonstrated that our proposed control method is effective and that it is possible to achieve active magnetic shield control stably even 
on the unstable oscillation condition with strong cross-interference. However the base transition method seems more effective than the inverse matrix 
method because of flushing errors to a particular co-efficient at calculating inverse matrix. 

In the case of system with Base Transition method, true environmental magnetic noise can be easily known by adding compensation field value to 
measured sensor output value. So artificial magnetic field with arbitrary vector can be generated in the active magnetic shield space. fi(t) is a coil 
current to generate artificial magnetic field. The true residual environmental magnetic noise is given by eq.(18) and coil current i for generating 
arbitrary artificial magnetic fields is given by eq.(19). 

    (18),             (19) 
This function is important in order to magnetize or de-magnetize magnetic materials or particles such as ferumoxides or biomagnetites in active 

magnetic shield space by using same coils generating compensation field because Permalloy shield distorts magnetic field. 
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Figure 5. Result of Experiment by using General Inverse 
 Matrix Method 

Figure 4. Example of Measured Sensitivity Co-efficients by Experiment and 
Calculated Inverse Matrix A-
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Figure 1. Gradiometer arrangement of 2 
LsOPMs. LIA: lock-in amplifier, VCO: voltage-
controlled oscillator, PID: servo-control, PD: 
photodiode, PO: polarizer, BS: beamsplitter, W1,2: 
quarter-wave plate, OF: optical fiber, RF: r.f. field 
coil.

Dynamical MCG mapping with an atomic vapor magnetometer 
A. Weis1, R. Wynands 1,2, and G. Bison1
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ABSTRACT 

We have developed a magnetometer based on magnetic resonance in cesium vapor optically pumped by resonant laser radiation, which has the 
sensitivity and bandwidth to record human magneto-cardiograms. The device is operated as a first-order gradiometer in a weakly shielded 
environment and allows us to record 2-dimensional field maps by shifting the subject with respect to a single sensor and making time-sequential 
measurements. We discuss the magnetometer technique and its performance as well as obtained results, which include a comparison of MCG data 
recorded with our single channel optical magnetometer with SQUID measurements from a commercial multi-channel device as well as from SQUID 
reference data. The results obtained so far in the detection of cardiomagnetic signals using the optical magnetometer make us confident that the 
technique has a high potential to serve as an alternative to SQUID detection. 

KEY WORDS 

Magnetocardiography, MCG, optical magnetometry, optically pumped magnetometers. 

INTRODUCTION

The community of experimental researcher in the field of biomagnetism have expressed on several occasions the wish for an alternative detection 
technique to the commonly used cryogenic SQUID devices. Optically pumped alkali vapor magnetometers, which are known for almost half a 
century have recently made some progress by the introduction of lasers as pumping sources in conventional designs [Bison, 2003] and in novel 
designs [Kominis, 2003]. Over the past 4 years our team has developed laser pumped magnetometers (LsOPM) using the conventional Mx-geometry 
and demonstrated their suitability for applications both in the field of cardio-magnetometry as well as in fundamental research. In this paper we 
present details on our LsOPM system, which has allowed us to record the human cardiomagnetic field and to display its dynamics in terms of two-
dimensional maps of a quality comparable to SQUID-generated maps. The LsOPM does not require cryogenic cooling liquids, which is its main 
advantage over SQUIDs. A more detailed comparison of SQUID magnetometers and LsOPMs is presented elsewhere at this conference [Bison,
2004]. 

METHODS

The magnetometer is based on an optical radio-frequency double resonance process 
in a vapor of paramagnetic cesium atoms sealed in a cylindrical glass-cell of 6 cm3. The 
atomic spins are aligned (polarized) by irradiating the vapor with 3 �W of circularly 
polarized resonance light of 894 nm from a frequency stabilized diode laser carried to 
the cell by a multimode optical fiber. The aligned magnetic moments associated with the 
spins form a macroscopic magnetization, which precesses under the influence of an 
applied magnetic offset field oriented normal to the chest of the subject. The precession 
frequency is proportional to the magnitude of the offset field and was chosen to be 16 
kHz. Cardiomagnetic field components parallel to the offset field alter the precession 
frequency and form the signal of interest. The precessing magnetization modulates the 
optical absorption coefficient of the vapor, which is used for detecting the precession. In 
praxis this is achieved by driving the precession with a co-rotating magnetic field, much 
weaker than the offset field, which imposes a fixed phase onto the precession. When the 
precession and the driving frequency are nearly matched any small field change �B
induces a phase change of the optical response, proportional to �B. This phase shift is 
measured by comparing the modulation of the laser power after the vapor cell to the 
radio-frequency oscillation using a phase sensitive (lock-in) detector referenced by the 
radio-frequency. A long spin coherence lifetime and hence a high magnetometric 
sensitivity is achieved by the use of an inert buffer gas, which prevents depolarizing wall 
collisions. The optimized magnetometer reaches an intrinsic sensitivity of 63 fT/Hz½ in a 
detection bandwidth of 140 Hz.  

The linear dependence of the phase shift to changes of the magnetic field can be 
used in a feed-back loop to stabilize the magnetic field at a given location by locking the 
corresponding precession frequency to a stable reference oscillator. This is used in our 
gradiometric MCG detection, in which one sensor (located 7 cm above the chest) is used 
to stabilize local field fluctuations (dominated by line frequency oscillations), while a 
second sensor located near the chest detects the MCG signal proper (Fig.1).  

The magnetometers proper are mounted in a shielding chamber of sufficient size to 
hold a non-magnetic table with a movable platform, which allows the two-dimensional positioning of the subject under investigation with respect to 
the sensors. The shielding factor of the chamber for magnetic line frequency interference is approximately 150, which, in combination with the 
gradiometric detection is sufficient to yield raw MCG signals, which can directly be visualized as oscilloscope traces.  
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Figure 2. 36 sequentially recorded MCG 
traces. Each pulse is the average of 100 
individual beats. 

RESULTS 

We recorded the first MCG signals with the described apparatus in July 2002 and 
reported the results at BIOMAG'O2 [Bison, 2002]. They are described in detail in 
[Bison, 2003]. In a subsequent effort to improve the quality of the data we used a 3-lead 
ECG signal as a time base reference for off-line signal averaging. With that technique we 
were able to produce dynamic MCG maps by a measurement 100 heartbeats recorded 
sequentially on each of 6 x 6 grid points above the chest (Fig. 2). For those 
measurements the subject rested on a non-magnetic bed, which allowed moving the 
subject with respect to the (single) sensor. The total time for recording a map was two 
hours, which explains why, so far, only healthy subjects have been investigated with the 
device. Off-line averaging and data analysis allows us to calculate for each time of the 
cardiac cycle smooth field distributions by an interpolation algorithm. These maps can 
then be represented as movies. These results were published in the on-line journal Optics 
Express [Bison, 2003a], which allows the on-line display of the dynamics of the heart 
beat during the QRS interval as well as during the T-wave.  

We performed a comparative study with two normal male volunteers by recording 
MCG maps both with our single channel LsOPM device and a commercial 36-channel 
SQUID device operated in an unshielded environment at the Catholic University of 
Rome. Data analysis revealed an impressive intraindividual and interindividual 
reproducibility with both systems [Fenici, 2004]. In both cases the LsOPM data were 
found to be good enough to reconstruct not only the ventricular MFD, but also the MFD 
related to atrial depolarization. 

We have also analyzed the magnetic field map orientation (MFM) of data recorded with the LSOPM from 4 healthy volunteers in Fribourg. The 
results were compared to SQUID generated reference data [van Leeuwen, 2004], which define the 95% confidence band for the MFM evolution over 
the cardiac cycle of healthy subjects. All four volunteers were found to fall within the band [Bison, 2004b]. 

DISCUSSION 

With an intrinsic sensitivity of 63 fT/Hz½ our present LsOPM is still less sensitive than standard low temperature SQUID detectors. It presents 
nonetheless the advantage that it can be operated without cryogenic cooling liquids. The reduced (compared to SQUID operation) logistics and 
running cost of optical magnetometers can potentially open the road to a wider spreading of magnetocardiography, which, in consequence will 
benefit the clinical validation of MCG diagnostics, currently limited by the restricted availability of cardio-magnetometers.Future developments of 
the LsOPM aim at increasing the intrinsic sensitivity by replacing the buffer gas sensor cells by cells with polarization preserving wall coatings and 
by implementing novel optical magnetometric techniques. The use of higher order gradients should also allow the sensor to be operated outside of the 
shielded room used so far. Last but not least we aim at the development of an LsOPM-based multichannel system that will allow the implementation 
and testing of the technique in a clinical environment.  
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Figure 1.  A sketch of the MEG sensor and 
magnetic phantom.  The head coils are 
marked L,R and N (left and right preauric-
ular points, nasion).  The low-frequency test 
source is marked C.  The helmet radius is 
~120 mm. 

Continuous Head-Localization and Data Correction in a Whole-Cortex MEG Sensor 
Wilson, H.S. 

VSM MedTech Ltd., CTF Systems, Canada  

ABSTRACT 

Continuous monitoring of the position of a subject’s head is an essential part of improving localization accuracy and resolution in MEG.  We 
describe a procedure that has been developed for whole-cortex MEG sensors.  The system uses three (or more) small head coils driven continuously 
by low-amplitude sinusoidal currents with frequencies chosen so they do not interfere with MEG measurements and with each other and are easily 
separated from power-line signals and harmonics.  Analysis of the response of the MEG sensors to the head coils allows continuous monitoring of the 
position (update times as short as T=2/fpower) using a 3-parameter minimization.  The best-fit positions of the head coils are then combined to 
determine the head translation and rotation.  Analysis of phantom data recorded with a 275-channel CTF MEG system in a shielded room shows that 
coil positions can be determined with an accuracy of ~2 mm with an update period T=1/15 s even when the head coils are moving ~25 mm at speeds 
up to 40 mm/s.  Data are corrected by expressing the scalar potential for the magnetic field as a spherical-harmonic series, and then determining the 
effect of rotations and translations on the terms of the series.  Since the MEG helmet covers only ~60% of the full sphere, care must be taken in 
determining the coefficients of the spherical-harmonic series to ensure that the modeled magnetic field does not become unrealistically large in the 
region where there are no MEG sensors (i.e. in the lower 40% of the sphere).  Our approach has been to use a minimum-field-energy criterion that 
minimizes the squared gradient averaged over 4� sr and radii from 96 to 145 mm while matching the MEG measurements. 

KEY WORDS: MEG, spherical harmonics, data analysis, head motion, head localization 

1. INTRODUCTION

To relate MEG data to points in a subject’s brain, three (or more) small coils on the head are excited with sinusoidal currents and the MEG sensor 
is used to determine the coil positions.  If the head position is monitored before and after MEG experiments, subjects are required to hold their heads 
fixed during measurements.  Recently [Uutela 2000] and [de Munck 2001] have described work on continuous head localization and correction of 
data.  We report here the development and test of a system for high-update rate head localization and data correction in a whole-cortex array of radial 
gradiometers (CTF 275 system). 

2. METHODS 

2.1 Monitoring head position 
The first step is to measure the amplitude of the sinusoidal signal of each head coil in each MEG sensor by a simple integration over a time T.  If 

the integration time T is a multiple of the power-line period (T=N/fpower , N �2) and the head coils frequencies are ;/ powercoil fNMf �� M not a 

multiple of N, the power-line and head-coil frequencies do not interfere with each other (i.e. they are orthogonal). 
If the coil frequencies are not exactly orthogonal, a correction can be made.  When the head moves quickly, the varying amplitudes result in 

“leakage” from one head-coil signal to the others.  We reduce the effect of this problem by removing from the later stages of analysis channels where 
a weak signal from one of the head coils is contaminated by the variation in the signal of another head coil. 

The second step is to determine the position of each head coil relative to the MEG sensors.  This is done by a least-squares fit to the MEG-sensor 
amplitudes in which the moment of the dipole is removed from the problem [de Munck 2001], reducing it to a 3-dimensional search for position. 

In the third step, a least-squares analysis of the head-coil positions determines the rotation R (Euler angles �,�,�) followed by translation ( )u
�

that
carries the subject’s head from one position to another. 

2.2 Correcting MEG data 
A spherical-harmonic series gives the scalar potential for the measured magnetic field: 
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where the series is divided into internal terms (due to sources inside the MEG helmet) and 
external terms, and 0r  is a normalizing radius.  This is a model-independent expansion of the 
field.  Reference magnetometers are not included in our analysis because the common-mode 
imbalance of the gradiometers is small, and the l=1 external term is omitted.  The MEG sensor 
used for this work has a total of 294 gradiometers (19 reference gradiometers and a helmet of 275 
radial gradiometers).  We used 16int �l  and 3�extl  (300 terms) in the analysis presented below. 

Treating the spherical harmonic coefficients lma  and lmb  as a single vector a
�

, the terms in 
the potential are related to the MEG signals B by the forward solution: 

LaB�  (2) 
The MEG sensors cover only ~60% of the full sphere and it is easy to create a spherical 

harmonic expansion that satisfies (2) but gives unrealistically large fields in the part of the sphere 
not covered by the sensors.  To reduce this problem we apply a field-energy criterion that 
minimizes the squared gradient averaged over 4� sr and radii from 96 to 145 mm.  This causes minimal error in the analysis of signals originating in 
the upper part of the volume covered by the MEG sensors.  The energy (integrated squared gradient) is related to the spherical harmonic 
amplitudes a

�
by a matrix K:
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KaaE T�  (3) 
and the Tikhonov-regularized solution that minimizes E subject to (nearly) satisfying the 
measurements (3) is the standard minimum-norm solution: 

� � BILLKLKQBa TT 111 ��� ��� �  (4) 
Data correction is done by applying the well-known rotation and translation operators for 
spherical harmonics [Danos 1965] to derive matrices R and T that adjust the spherical-
harmonic coefficients for the head motion yielding the following expression: 

LRTQBBcorrected �  (5) 
where the correction is applied only to the internal terms in the spherical harmonic series. 
 The spherical-harmonic method is quite general and has been introduced in other contexts 
[Ioannides 2000] [Jerbi 2002] [Taulu 2003]. 

2.3  Tests 
This method was tested using a magnetic-dipole phantom (Figure 1).  The three head coils 
are mounted on a radius of 77.2 mm with dipole moments pointing radially out and the fourth 
coil (C) is located 50.0 mm above the centre of the phantom.  We applied frequencies near 
90, 150 and 210 Hz to the head coils while coil C was driven at 4 Hz.  The motion sequence 
was (i) 20 s motionless, (ii) 45 s of random motions (up to 25 mm), and (iii) 15 s: motionless, 
but not in the starting position.  The data were analyzed with an integration time T=1/15 s and 
regularization parameter �=10-4�(largest eigenvalue of LK-1LT ). 

3.  RESULTS 

3.1 Head motion 
While the absolute positions of the coils are not known, the separations are 

mm4.154�� RL rr
��

, NL rr
��

�  mm2.109� , and mm2.109�� NR rr
��

.  Figure 2 shows that the 
head-localization matches these values well.  There is more noise in the nasion-coil position 
because it is located farther from the head sensors.  Figure 3 displays the rotations (as vector 

n̂�� �
�

 where � is the rotation angle and n̂ is the axis) and the translation (shift of the 
phantom centre).  The velocity of the head coils reached >40 mm/s during the test. 

3.2.  Data correction 
The spherical-harmonic method was applied to correct the 4-Hz signal of phantom coil C.   
Figure 4 compares the eigenvalue spectra of the covariance matrices calculated from the 
uncorrected and corrected MEG data during the period of motion (20-65 s in Figures 2 and 
3), and also the data in the initial period of no motion.  The correction has reduced power in 
eigenvalues 2-10 by a factor 34.  The normalized dot product between eigenvector 1 of the 
covariance matrices calculated from the pre-movement data (0-20s) and the motion-corrected 
data (20-65s) is 0.9997.  Least-squares fitting of the corrected data placed the source a mean 
distance of 0.3 mm from the correct position with an RMS position error of 1.0 mm. 
There are several sources for the remaining errors shown in Figure 4: (i) the motions in the 
test were rather violent, (ii) the sensor has small calibration errors, (iii) minimizing the 
gradient leads to errors for sources near the lower edge of the sensor, and (iv) the low-
amplitude nasion signal resulted in rather large nasion-position errors. 

DISCUSSION 

The method of head-localization and data correction described here has been demonstrated to 
remove most of the effect of small motions from data.  It represents another application of 
spherical harmonics in MEG. 
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Figure 2.  The measured separations (mm) of the 
head-position coils during phantom motion.  The 
true separations are 154.4, 109.2 and 109.2 mm.  

Figure 3.  Top: phantom rotation (deg). 
Bottom: translation of phantom centre (mm).

Figure 4.  Covariance-matrix eigenvalues for 
phantom MEG data.  Solid dots: no motion (0-20s).  
Pluses: source moving, no correction (20-65s).  
Open circles: Motion corrected (20-65s).
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MCG Measurement in the Environment of Active Magnetic Shield
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1Takenaka Corp., 2Iwate Univ., 3Tohoku Gakuin Univ, 4National Institute of AIST, Japan. 

ABSTRACT 

MCG (Magnetocardiography) measurement by a SQUID gradiometer was attempted with only active magnetic shielding. A three-axis cancelling-
coil active shielding system, where three 16-10-16 turns-coil sets were put in the orthogonal directions, produced a homogeneous magnetic field in a 
considerable volume surrounding the center. Fluxgate sensors were used as the reference sensors. The system can reduce environmental magnetic 
noise at low frequencies of less than a few Hz, at 50 Hz and at 150 Hz. Reducing such disturbances stabilizes biomagnetic measurement conditions 
for SQUIDs in the absence of a magnetically shielded room (MSR). After filtering and averaging, the measured MCG data clearly showed the QRS 
complex and T wave, using a first-order SQUID gradiometer with only active shielding during the daytime,. 

KEY WORDS 

active magnetic shielding, MCG, SQUID�first-order SQUID gradiometer  

INTRODUCTION

Active shielding is frequently used as an adjunct to MSRs 
[Plazek, 1999]. The application of active shielding to a MSR 
improves the low frequency performance. However, MSRs are 
costly, heavy, difficult to install, and too cramped to be comfortable 
for patients [Hilgenfeld, 2003]. Active shielding without passive 
shielding has advantages over MSRs in terms of cost and flexibility. 
A transparent enclosure is light weight, therefore fairly useful in 
terms of mobility and reinstallation. SQUID systems have been used 
as an ambient noise reference sensor for active shielding in the 
absence of passive shielding [Skakala, 1993]. Application of a
SQUID magnetometer as the reference sensor often results in the 
unstable performance and difficult handling of the active shielding 
system. On the other hand, the first order SQUID gradiometer is 
used for MCG measurement to reduce homogeneous ambient 
magnetic noise. So, inhomogeneities of the fields generated by 
cancelling coils produce additional disturbances. In this paper, an 
active shielding system with a reference sensor of fluxgate 
magnetometer for MCG measurement was designed and the 
performance was estimated. An MCG measurement with a SQUID 
gradiometer was successfully carried out using the active shielding 
system in the absence of passive shielding.  

METHODS

Figure 1 shows the MCG measurement system using only active magnetic shield. Our active compensation system consists of a 3-axis-fluxgate
magnetometer as a reference sensor positioned in the vicinity of (at a distance of 100 mm from) the SQUID gradiometer for the MCG measurement, 
three coil sets in three orthogonal directions, and a controller. The current generated by the controller is fed into the coils to provide an opposite 
magnetic field to compensate for the external and environmental noise field. The laboratory is located in a wodden building, 500 m away from a DC 
train line and 200 m away from a main road. The long-distance sources produce a homogeneous distribution of magnetic noise in the laboratory area. 
The noise suppression to the level within the dynamic range of the SQUID operation system, however, is required, though the inhomogeneous field 
can be easily reduced by the first order gradiometer of the MCG measurement system. The pick-up coil of the axial gradiometer consists of two coils 
with a diameter of 19 mm and a baseline of 25 mm. The aim of the active shielding is to reduce low-frequency disturbances, so three 16-10-16 turns 
coil sets were installed to produce a homogeneous magnetic field. In this active shielding system, dc component in the output of the reference 
fluxgate magnetometer is eliminated by adjusting the off-set. Using the sensor output after the adjustment, the magnetic fields with low frequencies 
below 10 Hz, 50 Hz and 150 Hz is actively cancelled by selecting those frequencies with Digital Signal Proseccor (DSP). The SQUID dewar was 
protected from radio frequency noise with a bag made by conducting fiber. 

The attenuation of the ambient magnetic noise was measured and estimated by the fluxgate magnetometer (Applied Physics Systems, APS520A), 
and the SQUID gradiometer, which was placed almost in the center of the area enclosed by the canceling coils. The MCG was measured by the 
SQUID gradiometer with only active magnetic shielding in an unshielded environment.

RESULTS 

In Figure 2, the spectrum of magnetic noise flux density measured by the fluxgate magnetometer at the frequencies of interest up to 200 Hz is 
shown. The spectra taken without and with active shielding are compared. At the frequencies below several 100 mHz, the environmental noise with 
on-going active shielding is reduced to about 30 pT/Hz1/2 from several 1000 pT/Hz1/2 without the shielding. The attenuations of the magnetic field 
disturbance are about 30 dB at frequency near DC and 10 dB at 50 Hz and 150 Hz.  

Figure 1.  MCG system using only an active magnetic shield.  
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In Figure 3, the noise spectra measured by the 
SQUID gradiometer without and with active shielding 
are compared. Compared with the attenuation of the 
magnetic field disturbance below 10 Hz, those at 50 Hz 
and 150 Hz are poor, due to the short distance between 
the gradiometer and magnetic noise sources, such as 
electric wiring and lights, which produce inhomogeneous 
magnetic fields near the gradiometer. A little interaction 
between the canceling coils also causes the 
inhomogeneous magnetic field. The first-order 
gradiometer is ineffective to the inhomogeneous field. 
The environmental noise at 23 Hz without active 
shielding could not be reduced with active shielding. This 
magnetic disturbance is supposed to be due to vibration 
and could not be detected by the reference sensors. 
Active shielding highly reduces spatially and temporally 
variable magnetic noise to a level that provides stable 
operating conditions for SQUIDs, which cannot be obtained without active shielding. The bag 
of the SQUID dewar also contributes the stable operation of the SQUID gradiometer. In 
Figure 4, MCGs taken outside a MSR without and with active shielding are compared. It 
shows the possibility of the real-time MCG measurement by noise suppression with this active 
shield system. But, the remained magnetic noises of 50 and 150 Hz overlap at the QRS 
complex and T wave as shown in the Figure 4 (b). More noise reduction by digital processing 
is necessary for practical use of MCG.   

After low-pass filtering at 90 Hz and forty-times averaging, the MCG data measured by a 
first-order SQUID gradiometer with only active shielding during daytime is shown in figure 5. 
The QRS complex and T wave are cleary presented. The measured position above the left 
ventricle of the heart seems to be the reason that the P wave could not be recognized.  

DISCUSSION 

Appling more sensitive reference sensors and a control method for avoiding the interaction 
between canceling coils would improve the shielding performance of active shielding. That 
would result in the real time detection of MCG measurement without data processing, but only 
with active shielding. 

REFERENCES 

Platzek D, Nowak H, Giessler F, Rother J, Eiselt M. Active shielding to reduce low frequency disturbance un direct current near biomagnetic 
measurements. Review of Scientific Instruments, 1999 May, p. 2465-2470. 

Skakala M, Zrubec V, Manka J. Active compensation for ambient magnetic noise in the unshielded environment. Meas. Sci. Technol. 4, 1993, p. 468-
472.

Hilgenfeld B, Strahmel E, Nowak H, Haueisen J. Active magnetic shielding for biomagnetic measurement using spatial gradient fields. Physiol. 
Meas. 24, 2003, p. 661-669.  

Figure 4. MCG waveforms measured by first-order gradiometer.  
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Figure 2. Spectral magnetic flux density of noise 
measured by fluxgate magnetometer.   
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Figure 3. Spectral magnetic flux density of noise 
measured by SQUID gradiometer.  
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Figure 5. MCG waveform after low-pass 
filtering at 90 Hz and forty-times averaging. 
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Figure 1. High-Tc SQUID magnetocardiography imaging 
system with cryogenic dewar, SQUID electronics, 
subtraction and notch and band pass filters.

Figure 2. Configuration of the 
SQUID MCG system equipped 
with the x-y translation bed. 

Figure 3. Two-dimensional 
magnetocardiogram scanned over 
14�18 cm2.

High-Tc SQUID Magnetocardiography imaging system 
Hong-Chang Yang1,2, Sou-Yen Hung1, Chiu-Hsien Wu1, Chih-Chen Chen1, Shi-Jun Hsu2, Shu-Hsien Liao3, and Herng-Er Horng2,3

1. Department of Physics, National Taiwan University, Taipei 106, Taiwan 
2. Institute of Electro-Optical Science and Technology, National Taiwan Normal University, Taipei 116, Taiwan 

3. Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan 

ABSTRACT 

We set up high-Tc SQUID system for magnetocardiography (MCG) in moderately magnetically shielded room. The electronically balanced 
gradiometer consists of superconducting quantum interference device (SQUID) magnetometer. One reference SQUID was mounted above the 
sensing SQUID while the sensing SQUID is seated at the bottom of the cryostat. The baseline of the gradiometer is varied from 5 cm to 7 cm. The 
output of the MCG signal was filtered with the band pass filter (0.5 - 40 Hz) and the power-line filter. The MCG system was used to detect the 
magnetic signal of the human heart. Equivalent current sources are used to study the inverse problem. The results are discussed.

KEYWORDS: Interference Device Gradiometers, Magnetocardiogram, Magnetometer 

INTRODUCTION

Superconducting quantum interference devices (SQUIDs) exhibit unsurpassed high sensitivity in detecting small magnetic field. This high 
sensitivity makes SQUIDs ideal for low level biomagnetic measurements that is impossible for conventional magnetometers. The first report of the 
biomagnetic measurement was the magnetocardiogram (MCG) measured by the induction coil [1]. The measurement of the biomagnetic has been 
improved by using the high-sensitivity SQUID sensor. Low-Tc SQUID have been used to investigate the electrophysiological activity, such as that of 
the brain, the eyes, etc. The MCG is a high quality magnetic signal form comparable with the electrocardiogram (ECG) and has revealed abnormal 
function that cannot be seen in the ECG. For high-Tc SQUID MCG systems, efforts have been devoted to develop MCG systems [2] and making the 
visualized diagnosis possible.  

In this work, high-Tc SQUIDs 
magnetocardiography imaging system with 
compact cryogenic design, x-y translation bed, 
subtraction, filtering, and noise cancellation 
electronics have been developed to detect the 
magnetocardiographs. Besides, equivalent 
current sources are used to study the inverse 
problem.

EXPERIMENTS 

High-Tc SQUIDs magnetocardiography 
imaging system with compact cryogenic 
design, substraction and readout electronics, 
filtering have been developed for detecting the magnetocardiographs is shown in Figure 1. SQUID magnetometers were mounted inside the dewar to 
form the electronic gradiometer. The reference SQUID was arranged at a distance of ~6 cm in the vertical configuration. Radio frequency (RF) 
magnetometers (JSQ SQUID magnetometer from Jülicher Inc.) or fabricated direct current (dc) SQUIDs were used to construct the MCG SQUID 
system. Direct-coupled single layer dc SQUID magnetometers with inductance of 50~100 pH were fabricated on 10×10 mm2 SrTiO3 bicrystal 
substrates with 30º or 24º misorientation angle. The peak to peak voltage is about 20 V at 77 K. The magnetic noise level is about 100 fT/Hz1/2 in 
the white regime and 500 fT/Hz1/2 at 1 Hz for dc SQUID magnetometer. The rf SQUID magnetometers show a white noise level of about 300 
fT/Hz1/2 and low frequency noise level of about 1 pT/Hz1/2 at 1 Hz.  

For low Tc SQUIDs, the use of wire-would superconducting wire has been achieved and widely used in biomagnetic systems. In high-Tc SQUID 
technology, no appropriate superconducting wire is available to set up the hardware gradiometer. A promising approach is to use the electronic 
gradiometer [3-7]. In electronic gradiometer, the outputs of two or more magnetometers can be combined to minimize the noise of the system.  

For clinical application, the cardiac activity should be monitored over the entire chest to provide the information of the temporal and spatial 
resolution between different measurement positions. One way to achieve this is to use multichannel SQUID systems. However, MCG systems can be 
quite expensive if more SQUIDs sensors were used. To save the system cost, we utilized single 
channel electronic SQUID gradiometer MCG system. To perform two-dimensional magnetic imaging, 
the MCG system was equipped with the x-y translation bed so that different points above the chest of 
the tested object can be measured. To assure the performance of high-Tc MCG system, the MCG 
system was installed in a moderately magnetically shielded room (MRS). Even with this MSR, a low 
frequency magnetic signal still exits in the noisy hospital environment. Hence, we have used a 
reference SQUID and compensation electronics to cancel the low frequency magnetic field signal 
leaking into the MSR. Figure 2 shows the configuration of the single channel high-Tc cryogenic 
SQUID MCG and the x-y bed.

RESULTS AND DISCUSSION 

1. Noise characteristics of MCG imaging system 

Using the active compensation [8], the analog subtraction electronics [3], the band pass fitering 
(0.1 ~40 Hz) and notch filtering, we have reduced the noise of the SQUID MCG system to a level of 
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Figure 4. Contour maps at the instant of the R-
peak derived for (a) one-dipole, (b) two-
dipoles, (c) three-dipoles. Also shown are (d) 
the measured MCG data at the instant of the R-
peak. The contour map of the R-peak derived 
from three-dipoles is close to the measured one.

(a) (b) (c)

Figure 5. The planar gradient maps of the R-peak derived from 
(a) the one-dipole model, (b) three-dipoles model and (c) the 
measured data. One clearly can see the three-dipoles model 
describe better the measured results. 

about ~ 1 pT/Hz1/2 at 1 Hz using rf SQUID magnetometers to form electronic gradiometer. The noise level can further be reduced with dc SQUID 
magnetomerers [9].  

2. Source Localization with magnetocardiograms 

Magnetocardiograms have not yet been applied in regular clinical use, successful results have been reported in MCG studies of localizing 
arrhythmia-causing regions in the myocardium. In the study, the source localization becomes interesting and clinically important. The estimation of 
the sources from measured fields is the inverse problem [10]. Despite the complexity in the current distribution of the bioelectric source, equivalent 
sources or dipole moments are, in general, used in studies of inverse problem. 

Figure 3 shows typically the MCG signal over a scanned area of 14�18 cm2. A complete heartbeat signal consisted of the weak P-wave, the 
complex QRS-wave, and T-wave. In the inverse analysis, n2-points MCG signals (n×n rectangular grids with position spaced at 2.5 ~ 5 cm above the 
thorax of tested objects) over larger scanned area (50�50 cm2) was taken. Using n2-points MCG signals, we suppose that the number of the dipole 
moments is n. The dipoles contribute the z-direction magnetic fields at n2 positions. The magnetic field, Bp, due to those n dipoles is 
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measured and calculated magnetic field at the i-th location. This method is used to study the 
sources from the MCG measurement. We fitted the data of the QRS complex wave and T-
wave step by step to get variables in equation (1). A more detailed description of the 
numerical method to obtain the parameters in an elegant way will be reported elsewhere. 

Figure 4 shows the contour maps of the R-peak derived from one-dipole, two-dipoles 
and three-dipoles using equation (1) and the least square fitting method. Also shown for 
comparison is the measured MCG contour map at the instant of the R-peak in the heart 
activity. From the simulation we obtain m1= 4.9�10-7 A.m2 and 5.8�10-7 A.m2 at the 

instant of the R-peak. The evolution of the dipole moments can therefore be 
derived.  

Using the magnetic signals, Bz, we calculated the planar current density. 
given by equation (2) [11]�
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Figure 5 shows the current density map derived from the one-dipole and 
three-dipoles moments. The measured data are also shown for comparison. 
The data indicate that three-dipoles moments describe accurately the current 
density map. Using the present technique we can establish the current 
density data for patients with different heart diseases. The current density 
can be useful for medical doctors in clinical applications. 

CONCLUSION 

High-Tc SQUID MCG imaging in moderately magnetically shielded room was established to study the magnetocadiograms. Equivalent current 
sources model is developed to study the inverse problem. Using this model, we derived contour maps, planar gradient maps at any instant. The 
current sources derived from the magnetocardiograms provide useful information in the medical research. 

ACKNOWLEDGMENT: The authors thank the financial support under grants: 91-N-FA01-2-4-2 and NSC-92-2112-M-002-046. 
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Mobile Magnetocardiography in an Unshielded Truck 
Awolin B. *, Chaykovsky I. MD *, Hugenholtz P.G. MD ** 

*MAGSCAN Medizintechnik GmbH, Germany, **Erasmus University Rotterdam, The Netherlands   

Background: Magnetocardiographic (MCG) measurements were limited in the past to stable settings in specially shielded rooms and most recently in 
stable settings in unshielded rooms. Installations of MCG systems usually take between one week and several months. This disadvantage has limited 
the access of cardiologists to work on a day basis with MCG for small and larger clinical studies and thus has limited the broad application of MCG 
in the daily routine. Objective: The development of multi channel MCG systems that can principally work in unshielded locations enabled the 
development and integration of a MCG system into a truck-trailer. A mini-truck and trailer with a total length of 14,5 meter, a width of 2,4 meter, a 
maximum height of 4,0 meter and a total weight of 7,49 tons was constructed to allow easy operation with a normal driver license and no restrictions 
on roads. The construction material and the engineering design of the trailer were chosen not to influence the measurement of MCG. A German 
Design Patent was granted. 
Results: The MCG-Truck allows MCG measurements at nearly any place on solid ground. It takes about 2 hours to prepare the system to be ready for 
measurement and 1 h to de-install. More than 200 MCG measurements were taken under clinical conditions in front of various European hospitals 
from Berlin to Athens, which are part of various clinical MCG studies that will be presented by other authors during this conference. The signal to 
noise ratio was as good and sometimes even better compared to indoor measurements.

SQUID vs. Optically Pumped Magnetometer: a comparison of system performance 
G. Bison1,A. Pasquarelli2, A. Weis1 and S.N. Erné2

1Physics Department, University of Fribourg, Switzerland 
2Biosignals and Imaging Technologies Department, ZIBMT, University of Ulm, Germany 

Due to their extremely weak intensity, biomagnetic fields are usually detected by means of superconducting interference devices (SQUID) which are 
currently the most sensitive magnetic sensors available.  To reduce construction and running costs, extensive efforts have been dedicated to the 
development of High-Tc SQUIDs working at liquid nitrogen temperature and suitable for biomagnetic applications, but the results up to now are only 
partially satisfactory.  
Optically pumped magnetometer (OPM) technology, although known for many years, has recently emerged as a promising alternative to SQUIDs, at 
least for applications with more moderate signal-to-noise requirements. Since OPMs were presented to the biomedical community, a controversy has 
surrounded their proposed usefulness for different biomagnetic applications.  This contribution compares SQUID and OPM methods based on their 
physical principles: for example by the fact that a SQUID measure the flux through the pick-up-coil area, while the OPM is sensitive to a volume 
averaged magnetic field component.  At the implementation level, the most significant differences between SQUID and OPM are, 1) the absence in 
OPMs of cryogenic and vacuum parts reducing the gap between source and sensor, and 2) the need for more complex read-out electronics of the 
OPM.  
The intrinsic insensitivity against RF-interference of the OPM reduces the shielding requirements and may ease the introduction of biomagnetic 
systems into noisy environments.  Full technological maturity is by far not yet achieved, thus leaving a large improvement potential, which may 
eventually allow the OPM to compete with the SQUID even in high-resolution applications. 

This paper is presented also in Symposium  S9, for full paper see page ??? 
This poster will be also presented in Symposium 9. For the full paper, see Page 31.
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Headshape digitization using an ultrasound 3D acquisition system 
F. Boers1, J. Dammers1, T Fieseler1, A. Muren1, P.A. Tass1,2

1Institute of Medicine, Research Center Jülich, Germany 
2Department of Stereotactic and Functional Neurosurgery, University of Cologne, Germany 

Localization of neuromagnetic sources requires co-registration in order to map data registered by magnetoencephalography (MEG) onto the 
corresponding anatomical structure. Co-registration on the other hand often involves head shape digitization, which is usually carried out using a 3D 
digitization system that has a reference point which is not fixed at the subjects head. Therefore, the major drawback of such systems is that head 
motion artifacts during the digitization process can not be compensated. 
We instead use the Zebris 3D Motion Analyzer for headshape digitization outside the magnetically shielded room providing a much more 
comfortable measurement, especially for patients. The foremost advantage however is that this system makes use of a 3D ultrasound acquisition 
device providing three or more reference markers that can be fixed on the surface of the subject’s head. Using these reference markers we are able to 
compensate for any head movements during head shape acquisition. Furthermore, we developed a new 3D localization software to control the Zebris 
system that is now integrated in our MEG measurement environment (4D-Neuroimaging). With our software we can automatically check the quality 
of the digitization process and it may also be used to localize attached head location coils or surface electrodes that are used for the MEG acquisition. 
Our tests show that the head shape digitization system works reliably and provides an acquisition accuracy of about 1 mm, while it automatically 
compensates for any head motion artifacts. 

Discrimination of multiple sources using a SQUID vector magnetometer 
Burghoff, M., Schnabel, A., Drung, D., Thiel, F., Knappe-Grüneberg, S.,  Hartwig, S., Kosch, O., Trahms, L., and Koch, H. 

Physikalisch-Technische Bundesanstalt (PTB), Abbestr. 2-12, 10587 Berlin, Germany 

A SQUID vector magnetometer system containing 16 SQUIDs is operated at PTB in the new Berlin Magnetically Shielded Room (BMSR 2). The 
spatial configuration of the 16 integrated SQUID magnetometers is such that all three vector components of the magnetic field can be calculated in 
three measurement planes at 1.5cm, 5 cm, and 10.5 cm above the Dewar bottom, respectively. The SQUID magnetometer channels have a typical 
white noise level of less than 2.3 fT/Hz1/2 at 1 kHz. 
For many biomagnetic applications the discrimination between simultaneously active sources, e.g. in the brain, is required. To evaluate the 
performance of a newly developed vector system in this respect, the angle between the 16-dimensional lead field vectors of the different sources in 
our vector system is used. If the angle reaches 50° and more, discrimination between the multiple sources is possible. 
Two examples of measurements illustrate the differentiation of multiple sources, i.e. the fetal and the mother’s heart signal, and alpha rhythm and 
heart signal in MEG recordings. 

This paper is presented also in Workshop  W4, for full paper see page ??? 
This poster will be also presented in Workshop 4. For the full paper, see Page 99.
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On-site Measurement of the Torso Surface for Magnetocardiographic Source Imaging 
J.T. Jeng, C.L. Hsu, J.C. Wang 

Institute of Mechatronic Engineering, National Taipei University of Technology, Taipei 106, Taiwan 
H.C. Yang, S.Y. Hung 

Department of Physics, National Taiwan University, Taipei 106, Taiwan 
H.E. Horng, S.H. Liao 

Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan 

An accurate torso-surface model is important in magnetocardiographic (MCG) source imaging. In this work, the torso surface measurement system 
integrated with a single-channel HTS SQUID MCG system is studied. Prior to the MCG measurement, the torso-surface of the subject lying on a 
translation-stage patient bed is measured with a set of charge-coupled device (CCD) cameras. The images recorded by the CCD cameras are 
transformed into a three-dimensional wire frame composed of numerous triangles through a computer-based image processing and triangulation 
reconstruction technology. Notably, the location of the SQUID with respect to the torso-surface is determined accurately in this way. After the MCG 
measurement is performed, the cardiomagnetic source current inside the torso-surface is estimated by solving the equivalent quasi-static magnetic 
inverse problem. The spatial resolution of this modeling technique is well enough for the current distribution calculation. 
This work is supported by the National Science Council of ROC under grants No. NSC92-2112-M-027-004. 

Passive room temperature sensor for oral drug tracking and delivery studies 
S. Kumar,1 W.F. Avrin,2 D. Hecht,1 S. Bennett1 and D. Walsh3

1Quantum Magnetics, San Diego, CA, USA, 2Insight Magnetics, San Diego, CA, USA, 3Vista Clara, Mukilteo, WA, USA 

There has been recent interest in the study of magnetic methods for understanding of oral delivery including the tracking and location of a 
magnetically tagged target in the gastrointestinal tract.[1,2] The study techniques have involved the use of a multichannel SQUID sensor for passive 
magnetic detection, AC susceptometry, and passive magnetic detection using room temperature magnetic sensors. [3]  While the SQUID detection 
can track a small amount of taggant, it requires a cryogenic system in a shielded room.  Previous work using room-temperature sensors for passive 
magnetic tracking has involved a powerful magnetic source, an NdFeB magnet.  Existing AC susceptometry techniques, while effective in tracking 
the passage of the magnetic target do not have the localization capability of the multichannel SQUID system.  Moreover AC susceptometry will also 
be limited in sensitivity by the susceptibility response of the body to the applied AC excitation.  We are currently designing a room temperature 
sensor to locate and track a magnetically tagged capsule or tablet in the gastrointestinal tract from outside the body.  While previous work involving 
tracking with room temperature sensors has used NdFeB magnets, we use modest amount of iron oxide powder that can be mixed in with the drug in 
the capsule or tablet.  Our sensor can track and locate to a precison of 1 cm or better.  The sensor is passive, can operate in a magnetically shielded 
environment, and does not need an external excitation field as long as the target is magnetized.  The sensor promises to provide a low-cost alternative 
to the multichannel SQUID and an alternative to radiological tracking in the gastrointestinal tract, thereby potentially allowing more frequent oral 
drug delivery studies on patients, pregnant women and children.  We will present some preliminary in-vitro results. This project is supported by a 
grant from the United States National Institutes of Health. 
[1] Hartmann V, et al. 2002. Proc. BIOMAG 2002 (VDE, Berlin), 1106.  [2] Americo M.F., et al. 2002. Proc. BIOMAG 2002 (VDE, Berlin), 1105. [3] Innovent 
Technologieentwicklung Jena, Germany, http://www.innovent-jena.de/inno-eng/mws/MWS_marker-e.htm 
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Hyperpolarized 3He noble gas for nuclear magnetic resonance imaging 
Shu-Hsien Liao1, Chung-Hsien Chou2, Herng-Er Horng1,2, Hong-Chang Yang3

1. Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan 
2. Institute of Electro-Optical Science and Technology, National Normal Taiwan University, Taipei 116, Taiwan 

3. Department of Physics, National Taiwan University, Taipei 106, Taiwan 

An optically pumping hyperpolarized 3He system and superconducting quantum interference device (SQUID) system are developed for nuclear 
magnetic resonance imaging (MRI). High-Tc SQUID magnetometer is used to characterize the polarization of the hyperpolarized noble gas and to 
detect the NMR signal. The intrinsic noise of SQUID magnetometer is about 50 fT/Hz1/2 in the white noise regime. The active compensation system 
is used to reduce the external noise level leaking into the magnetically shielded room. After using the active compensation system, the noise level in 
the magnetically shielding room is reduced below several hundred fT in the white noise regime. In experimental process, the hyperpolarized 3He 
were produced by optically pumping the 3He. The optimization conditions of the optical pumping were investigated, which included the pressures of 
3He, N2 and Rb atoms. The free induction decay or spin-echo signal of the hyperpolarized 3He can be detected without averaging. A two-
dimensional MRI image of the lung of animals is investigated by introducing the hyperpolarized 3He into the lung. The image contrasts are reported. 
We further increase the sensitivity of SQUID to reduce the detecting time and enhance the image resolution. The results are discussed.  

Instrumentation for Simultaneous Detection of Biomagnetic and Nuclear Magnetic Resonance Signals in 
Microtesla Magnetic Fields 

Matlachov, A. N., Volegov, P. L., Espy, M. A., George, J. S., and Kraus, R. H. Jr.
Los Alamos National Laboratory, Los Alamos, NM 87545 USA  

We have built and demonstrated a system with open geometry that measures biomagnetic signals such as magnetoencephalogram (MEG),
magnetocardiogram (MCG) and magnetomyogram (MMG) simultaneously with ultra-low field nuclear magnetic resonance (NMR) free induction 
decay signals (FID). The system employs SQUID gradiometers and operates in measurement fields of 2–50 �T, with proton Larmor frequency is in 
80-2000Hz range. A pre-polarizing field in the range of 2–30 mT is generated by a resistive  coil. Two different types of SQUID gradiometers were 
used: an axial second-order gradiometer and a tangential thin-film planar first-order gradiometer. The gradiometers were placed inside a fiberglass 
dewar at about 1 cm distance from a subject. All measurements were performed inside a single-layer magnetic shielded room.

This paper is presented also in Symposium  S9, for full paper see page ??? 
This poster will be also presented in Symposium 9. For the full paper, see Page 39.
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Advanced electronics for the CTF MEG system 
McCubbin, J., Vrba, J., Spear, P., McKenzie, D., Willis, R., Loewen, R., Robinson, S. E., and Fife, A. A.

VSM MedTech Ltd., CTF Systems, Canada 

Development of the CTF MEG system has been advanced with the introduction of a computer processing cluster between the data acquisition 
electronics and the host computer. The advent of fast processors, memory, and network interfaces has made this innovation feasible for large data 
streams at high sampling rates. We have implemented tasks including anti-alias filter, sample rate decimation, higher gradient balancing, crosstalk 
correction, and optional filters with a cluster consisting of 4 dual Intel Xeon processors operating on up to 275 channel MEG systems at 12 kHz 
sample rate. The architecture is expandable with additional processors to implement advanced processing tasks which may include e.g. continuous 
head localization/motion correction, optional display filters, coherence calculations, or real time synthetic channels (via beamformer). 
We also describe an electronics configuration upgrade to provide operator console access to the peripheral interface features such as analog signal 
and trigger I/O. This allows remote location of the acoustically noisy electronics cabinet and fitting of the cabinet with doors for improved EMI 
shielding. Finally, we present the latest performance results available for the CTF 275 channel MEG system including an unshielded SEF (median 
nerve electrical stimulation) measurement enhanced by application of an adaptive beamformer technique (SAM) which allows recognition of the 
nominal 20 ms response in the unaveraged signal. 

This paper is presented also in Symposium  S9, for full paper see page ??? 

SQUID-Detected in Vivo MRI in Microtesla Magnetic Fields 
W. R. Myers, M. Mößle, S-K. Lee, N. Kelso, A. Pines, John Clarke 

UC Berkeley and LBNL, USA  

Virtually all applications of magnetoencephalography (MEG) require the data to be compared to a magnetic resonance image (MRI) obtained in a 
separate instrument, typically in a magnetic field of 1.5 T.  However, recent developments in SQUID-detected low-field MRI suggest the possibility 
of integrating MEG and MRI into a single instrument.  We have performed magnetic resonance imaging using a SQUID detector at magnetic fields of 
132 �T, corresponding to proton Larmor frequencies of 5.6 kHz. In such low fields, broadening of the nuclear magnetic resonance due to 
inhomogeneous magnetic fields and susceptibility variations of the sample are minimized, enabling us to obtain high quality MRI images.1 To 
increase the signal-to-noise ratio, the samples were prepolarized in a field of 300 mT.  To reduce the effects of environmental noise, we used a 
SQUID-based superconducting, second-order gradiometer; both SQUID and gradiometer were immersed in liquid helium in a low noise dewar.  A 
shield made of 3-mm thick aluminum plate enclosing the experiment further attenuated external noise.  A series array of Josephson tunnel junctions 
in series with the gradiometer protected the SQUID by limiting the current induced during polarizing pulses.  The 1.7 ± 0.2 fT Hz-1/2 system noise 
was dominated by SQUID noise.  With encoding gradients in the range of 100 �T/m we achieved in-plane resolution of ~1 mm in MRIs of water 
phantoms and peppers.  Using this system, we have produced the first microtesla images of the human hand and wrist.2  These techniques could be 
combined with existing multichannel MEG systems to produce a hybrid system capable of both MEG and MRI. 
Supported by US Department of Energy 
1 R. McDermott, A. Trabesinger, M. Mück, E. Hahn. A. Pines, and John Clarke, Science 295 2247 (2002). 
2 R. McDermott, S. Lee, B. ten Haken, A. Trabesinger, A. Pines, and John Clarke, PNAS (to be published). 

This poster will be also presented in Symposium 9. For the full paper, see Page 36.
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Noise Reduction for the Vector-MCG-Device ARGOS 200 
H. Nowak1, B. Hilgenfeld2, M. Liehr2, R. Rossi3, A. Trebeschi3, J. Haueisen2

1JENASENSORIC e.V., Am Planetarium 5, 07743 Jena, Germany 
2Biomagnetic Center, University Hospital, Erlanger Allee 101, 07747 Jena, Germany  

3Advanced Technologies Biomagnetics, Via Martiri di Pietransieri 2, 65129 Pescara, Italy 

OBJECTIVES: The recently developed multichannel-vector-magnetocardiograph ARGOS 200 (AtB) is installed in the Biomagnetic Center at the 
University Jena. The main idea is to form a triplet of SQUIDs with integrated pick-up loops to be able to record the magnetic field vector, i.e. Bx, By,
and Bz.
METHODS: The triplets are distributed over four levels. The lower level, the main measurement plane, is a planar sensor array consisting of 56 
SQUID sensor triplets covering a circular planar surface with a diameter of 23 cm. The reference array consists of seven SQUID sensor triplets 
located in the second level. The third and fourth level contains one triplet each [1]. All together 195 SQUID sensors are used. The triplets located in 
the second, third, and fourth level are used for noise cancellation. In combination with a magnetic (three layer high permeable shields) and electric 
(one layer aluminum) shielding a superior noise suppression was achieved.  
RESULTS: The intrinsic noise level of the built in 195 SQUID sensors is better than 7 fT Hz–1/2  at 10 Hz. This spatiotemporal signal acquisition 
increases the information content compared to previous MCG-systems markedly and will provide improvements in the localization of radial sources, 
and of deep sources and a better resolution of extended or multiple sources. 
ACKNOWLEDGEMENT: This work was supported by the EU under contract N° QLK4-CT-2002-51581. 
[1] Nowak,H. et al. : Multichannel-Vectormagnetocardiography: a new biomedical engineering approach. Biomed. Techn. 44 (1), 2003, 368-369 

Evaluation of SSS for a 76-channel MEG instrument 
J. Nurminen* and Y. Okada# 

*Helsinki University of Technology, Espoo, Finland 
#Department of Neurology, Univ. of New Mexico School of Medicine, Albuquerque, NM USA 

Goals: Signal Space Separation (SSS) [1] is a powerful new method for removing interference from MEG signals. It was developed and tested on a 
306-channel instrument. We wished to study if SSS can be applied to a new 76-channel axial gradiometer instrument called the babySQUID (see 
abstract by Okada et al.)  Methods: A computer simulation of the sensor array was developed, which made it possible to study the performance of the 
method with different source configurations. Results: Due to the low number of channels, the large curvature radius of the sensor array, small 
minimum source-sensor distance (7 mm) and the fact that only one type of sensors is used, the babySQUID is not optimal for the SSS method. The 
source reconstruction problem becomes numerically unstable and a suitable regularization method capable of reconstructing sharp features is needed 
to get useful solutions. With regularization and assumptions about internal source locations, rejection of external sources by a factor of 10-100 
becomes possible. Conclusion: Using a suitable regularization method and making assumptions about possible source locations, SSS could be used 
even for instruments with a relatively low number of channels. Combined with other noise rejection methods, it may be useful in making the 
babySQUID work in unshielded environments. 

[1] Taulu S, Kajola M, Simola J. The Signal Space Separation method. Biomed. Tech. 2004, 48, in press. 
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BabySQUID: A High-Resolution, Mobile, Multichannel MEG System for Neonatal Brain Assessment 
Yoshio Okada*, Christopher Atwood†, Kevin Pratt†, and Douglas. Paulson† 

*University of New Mexico, Albuquerque, NM, USA ; †Tristan Technologies, Inc., San Diego, CA 

We are in the process of constructing a high-resolution, multichannel MEG system, babySQUID, for studying the development of brain in infants. 
This system is designed to be mobile so that the user can take the instrument to any room in a hospital and examine brain functions of the baby near 
the crib, to any room in a clinic for examining brain functions in  infants with neurological disorders, or to any laboratory for examination of healthy 
babies. It is designed to function in electromagnetically unshielded rooms. The babySQUID is also designed to be a high-resolution, multichannel 
system. It consists of 76 channels of first-order gradiometers, each channel made from a 6 mm-diameter pickup coil and a cancellation coil with a 
baseline of 2 cm inductively coupled to a dc-SQUID. The predicted field sensitivity is 10 fT/�Hz or less. The coil-to-scalp spacing is as little as 3 mm 
and the coil-to-coil spacing is 12-14 mm. These features render the babySQUID capable of obtaining MEG signals from the neonates and infants 
with a sensitivity in terms of signal-to-noise ratio that is about 10 times higher than those of the existing whole-head MEG systems. We anticipate 
that this system will be completed in the spring of 2004 and preliminary evaluations with infants will be available by August of 2004.  

Argos 500: Operation of a Helmet Vector-MEG 
A. Pasquarelli1, R. Rossi2, M. De Melis1, L. Marzetti1, A. Trebeschi2 and S.N. Erne’1

1Department of  Bioelectromagnetism, ZIBMT, University of Ulm, Germany  
2Advanced Technologies Biomagnetics, Pescara, Italy 

After four years of work a magnetoencephalographic system has become operational at the University of Ulm. The sensor design consists of a 163 
vector-magnetometers array oriented and located in a suitable way to cover the whole head of the patient. Four additional triplets are available as 
references to build software gradiometers. The helmet shaped sensor system is positioned to accommodate a lying patient in a fashion similar to MRI 
and CT scanners. Simultaneously to the MEG, 32 EEG channels (expandable to up to 128) and other relevant patient’s information up to a total 
number of 660 acquisition channels can be recorded. Sampling rate is fixed at 8200 Hz. All basic pre-processing, band-pass filtering, decimation and 
noise compensation are performed on the fly using an array of DSP. 
The vector-magnetometer array can be used as is or alternatively to emulate a classical array of magnetometers (synthetic magnetometers), with the 
choice of a variable geometry. In any measurement site it is possible, on the basis of data from the vector-magnetometer triplet, to calculate the 
component of the signal normal to the surface of the volume conductor, reducing the effect of the volume currents. 
The sensor is placed in a magnetically shielded room consisting of an external 8mm aluminum layer for eddy-current shielding and three layers of 
1.57 mm thick soft magnetic material. 
The global system is optimized for clinical use: the system requires only one step for maintenance per week. Preliminary measurements on normal 
subjects are presented. 

This paper is presented also in Symposium  S9, for full paper see page ??? 
This poster will be also presented in Symposium 9. For the full paper, see Page 34.
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Magnetoencephalography with an atomic magnetometer* 
M.V. Romalis, A. Ben-Amar Baranga, D.E. Hoffman 

Physics Department, Princeton University, USA  

Recently developed spin-exchange relaxation free (SERF) atomic magnetometers have magnetic field sensitivity competitive with low-temperature 
SQUID magnetometers. They also have high spatial resolution and can be easily expanded to multiple channels [1]. We are presently constructing a 
256-channel atomic magnetometer system suitable for human magnetoencephalography. The magnetometer consists of a glass cell containing a vapor 
of K atoms and two lasers used for optical pumping and probing of spin precession. Using a 2-D photodiode array the magnetic fields will be 
simultaneously measured on a two-dimensional grid in a cubical cell approximately 7 cm on the side located about 2 cm away from a human head. 
For repetitive signals it will also be possible to construct a 3-D magnetic map by scanning the pump laser, increasing the effective number of 
channels to several thousand. The high density of measurement points will allow detailed studies of localized brain activities, such as evoked by 
somatosensory or auditory stimuli. Numerical simulations indicate that spatial localization of the magnetic field sources within the brain should be 
improved by more than an order of magnitude compared with traditional SQUID systems.  Since the magnetometer does not need a cryogenic dewar, 
it can be placed in a compact human-size magnetic shield with a high shielding factor and made entirely from non-conductive materials to reduce 
thermal magnetic noise. We have completed construction of most magnetometer components and will report on the technical details, numerical 
simulations and latest test results.  
*Supported by NIH and Packard Foundation 
[1] I. K. Kominis, T. W. Kornack, J. C. Allred and M. V. Romalis, Nature, 422, 596 (2003).  

Active Shielding Method for an MEG device 
J. Simola, S. Taulu, L. Parkkonen, and M Kajola 

Elekta Neuromag Oy, Helsinki, Finland 

A method for external interference suppression based on a novel dual feedback arrangement is described. An MEG device with the individual 
channels run in the flux-locked-loop is provided with a second negative feedback loop using the sensors of the array itself as zero indicators, and a set 
of coils around the array as actuators. The set of coils, typically three to six, is tailored to optimally compensate for the dominating external 
interference field patterns, and linear combinations of the sensors, optimally sampling the interference at the very location of the array, are chosen for 
zero indicators. The number of control quantities (linear combinations) can be smaller or equal to the number of compensation coils. No separate set 
of dedicated reference sensors is required. Both the external interference and the compensation provided by the actuator coils are signals from 
sources outside of the sensor array, so that their effect can be separated from the biomagnetic signals by the Signal Space Separation (SSS) method 
[1]. This leads to recovery of the biomagnetic signal with no distortion even in those channels used in the zero indicators. By this method an 
interference suppression by a factor exceeding 50 has been achieved. In this way even magnetometers can be run with a relatively light magnetic 
shield because the achieved interference suppression is similar to that of reasonably balanced gradiometers. Owing to this the magnetometers have a 
dynamic range similar to that of gradiometers, as far as external interference is concerned. However, contrary to gradiometers, the biomagnetic 
signals, even from deep sources, are not attenuated. This compensation method can be used both with and without a magnetically shielding room. 
[1] Taulu S., Kajola M., Simola J. 2003. The Signal Space Separation method. Proc. of the 14th Conference of ISBET (Nov. 2003, Santa Fe, NM) 
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Development of Multi-channel Compact HTS MCG System Using Transversal Magnetically Shielded 
Cylinder

D. Suzuki, A. Tsukamoto*, A. Kandori, K. Ogata*, T. Miyashita*, Y. Seki, and Koichi Yokosawa* 
Hitachi, Ltd., Central Research Laboratory, Japan, *Hitachi, Ltd., Advanced Research Laboratory, Japan 

 We developed a compact multi-channel High Tc Superconducting (HTS) SQUID Magnetocardiograph (MCG), which used an open-type transversal 
magnetically shielded cylinder to reduce environmental magnetic noise. The cylinder’s dimensions were 1.7 x 1.0 x 1.6 m and its shield factor for the 
perpendicular to cylinder axis was about 32 dB. Directly coupled SQUID magnetometers [1] made of YBa2Cu3Ox on a 15 x 15 mm bicrystal SrTiO3

substrate were used in the MCG. Typical white noise for the magnetometers was 50-100 fT/Hz1/2. The MCG system had 36 magnetometer sites to 
measure MCG signals and 5 reference sites to remove environmental magnetic noise. The magnetometers for the MCG signals were arranged in six 
rows over a 175 x 175 mm area. The one site for reference sensors consisted of three magnetometers to measure the vector noise component. A total 
of 51 magnetometers were used in the MCG. There were no differences in the current-arrow map in normal-subject measurement between the results 
for the Low Tc SQUID MCG and the MCG system. At present, this MCG is being used in clinical trials in a hospital. This research was able to be 
done under a support program for technological development with the aim of achieving practical usage made available by Japan’s Ministry of 
Economy, Trade, and Industry and the New Energy and Industrial Technology Development Organization (NEDO). 
[1] A. Tsukamoto, T. Fukazawa, K. Takagi, K. Yokosawa, D. Suzuki, and K. Tsukada: Appl. Phys Lett.79(2001)4405. 

Study on Recovery Effect of Pulsed Magnetic Stimulation to a Fatigued Muscle 
Kazutomo Yunokuchi*, Wang Gang* and Hidehiro Hosaka** 

*Kagoshima University, Japan 
**Tokyodenki University, Japan 

Magnetic stimulation has generally been used as a noninvasive technique for nerve functional diagnosis as a replacement of electric stimulation in the 
clinical field.  However, the focality or function of magnetic stimulation has not been thoroughly settled even today.  Nevertheless, magnetic 
stimulation has been positively applied in the rehabilitation field.  The authors have previously studied the effect of pulsed magnetic stimulation on 
recovery from fatigue, and reported that magnetic stimulation to the fatigued muscle due to exercise relieved the tension of strained muscle.  In this 
study, the recovery effect of pulsed magnetic stimulation on peripheral muscle fatigue on the forearm was quantitatively examined.  Especially, the 
authors pay attention to effect of weak magnetic stimulation.  Subjects were nine healthy volunteers aged average 22.6±0.7 years old.  All of them 
had no previous history of neurological illness and no special physical strength training.  An object of measurement was flexor digit rum superficialis 
and subject was lying on one’s back during experiment.  Fatigue was performed by grasping a hand dynamometer with 30% isometric maximum 
voluntary contraction (MVC) during 30 seconds.  Magnetic stimulation was performed after 30% MVC, and recovery effect of magnetic stimulation 
for muscle fatigue was estimated by the ratio of integral electromiogram (iEMG) to muscle strength.  During experiment, any contraction of muscle 
was not observed.  As a result, performing pulsed magnetic stimulation for fatigued muscle proved an improvement in movement performance and 
mitigated the strained muscle. 
This work was supported in part by MEXT.KAKENHI (15300205). 
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 SII topography for electric non painful and painful stimuli: an fMRI study 
Ferretti, A.1,2,3, Del Gratta, C.1,2,3, Babiloni, C.4,7, Caulo, M.1,2, Arienzo, D.1, Tartaro, A.1,2, Pizzella V.1,2,3,
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ABSTRACT 

Functional magnetic resonance imaging (fMRI) was used to study the cortical activity of the bilateral secondary somatosensory cortex (SII) 
during painful and nonpainful electrical stimulation of the median and the tibial nerve. The aim was to evaluate the working hypothesis of a spatial 
segregation of nonpainful and painful populations in the “hand” and “foot” representation of SII. Results showed that for both the “hand” and “foot” 
representation, the activity for painful stimulation was localized more posteriorly with respect to that for nonpainful stimulation. A finer spatial 
analysis of the SII responses revealed a clear somatotopic organization for nonpainful populations, while it was not possible to disentangle the “hand” 
and “foot” painful populations.  

KEY WORDS 

Functional magnetic resonance imaging (fMRI); Tibial nerve electrical stimulation; Pain; Secondary somatosensory cortex (SII). 

INTRODUCTION

A recent magnetoencephalographic (MEG) study [Torquati, 2002] using painful and nonpainful galvanic stimulation of median nerve, suggested 
that two interacting neuronal populations in SII, with different sensitivity to nonpainful and painful stimuli, existed. This hypothesis has been later 
supported by two fMRI studies [Niddam, 2002] [Ferretti, 2003] that showed a functional segregation in SII for the processing of nonpainful and 
painful electrical stimulation of the median nerve.  These fMRI studies have not addressed the issue of a similar spatial segregation for the stimulus 
intensity in the foot district of SII. Indeed, the evaluation of this fine level of somatotopy in SII is possible with fMRI [Del Gratta, 2000, 2002].   

In the present fMRI study, we investigated the responses of the bilateral SII during galvanic median and tibial nerve stimulation at nonpainful 
motor threshold as well as moderate pain. The aim was at evaluating the working hypothesis of a spatial segregation of nonpainful and painful 
populations not only in the “hand” representation but also in the “foot” representation of SII. 

METHODS

Eight right handed healthy volunteers ranging in age from 19 to 23 years (3 males, 5 females) were enrolled in this study after giving their written 
informed consent. The general procedures were approved by the local Institutional Ethics Committee.  

The electric stimulus was a rectangular pulse with 2 Hz rate and 400 �s duration and was delivered in different recording blocks to either the right 
median or the right tibial nerve via non magnetic AgCl electrodes. Two levels of galvanic stimulation intensity were used: the first level corresponded 
to the motor threshold, whereas the second level to a moderate pain according to a subjective scale, ranging from 0 (no sensation) to 10 (pain 
tolerance threshold). The first level (I1) corresponded to 2 (painless thumb and hallux twitch), and the second level (I2) corresponded to 6 (moderate 
pain). An fMRI session consisted of four functional runs: nonpainful and painful stimulation of the median and tibial nerve. To maintain the level of 
vigilance stable and to minimize the effects of habituation, the order of these stimulations was randomized across subjects. 

BOLD contrast functional imaging was performed with a SIEMENS MAGNETOM VISION scanner at 1.5 T by means of T2*-weighted echo 
planar imaging (EPI) sequences (TR 3 s, TE 60 ms, voxel size 4 mm x 4 mm, flip angle 90°, slice thickness 4 mm). Functional volumes consisted of 
22 slices parallel to the AC-PC line. The experimental paradigm was a block design alternating a state of stimulation of 27 s with a control state 
having the same duration. For each run 84 volumes were acquired starting with a control period. A high resolution structural volume was 
acquired at the end of the session via a 3D MPRAGE sequence (slice thickness 1 mm, flip angle 12°, TR = 9.7 msec, TE = 4 msec).

Data were analyzed by means of the Brain Voyager 4.9 software (Brain Innovation, The Netherlands). Due to T1 saturation effects, the first 3 
scans of each run were discarded from the analysis. Preprocessing of functional scans included motion correction and removal of linear trends from 
voxel time series. Both preprocessed functional volumes and structural images were transformed into the Talairach space [Talairach, 1988]. Statistical 
analysis was performed for individual subjects and the group using the general linear model [Friston, 1995], considering a separate predictor for each 
stimulated nerve and stimulus intensity. Individual and group statistical maps were thresholded at p < 0.0004 at the voxel level and a cluster size of at 
least four voxels was required. These thresholds yelded an overall significance level (the probability of a false detection for the entire functional 
volume) of P<0.05, as estimated using a Monte-Carlo simulation  [Forman, 1995]. Regions of interest (ROIs) in the bilateral SII were determined 
separately for each stimulated nerve by considering voxels activated at any stimulus level. The mean time course of the fMRI signal from voxels 
belonging to a given ROI was analysed to inspect the effect of different stimulus conditions. The ROI’s response to different stimulation intensities 
was characterized by evaluating the relative BOLD signal variation between baseline (rest period) and activation (stimulation period). The regional 
comparison of activation was undertaken by means of the analysis of variance (ANOVA) in which the factors were the stimulus intensity (I1, I2), the 
ROI (activated areas in bilateral SII) and the stimulated nerve (median, tibial), while the dependent variable was the relative variation of the BOLD 
signal. The Talairach coordinates of each ROI were determined considering the centroid of the related cluster of activation. The mean coordinates 
across subjects for the different ROIs were compared by means of ANOVA as well. 
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RESULTS 

A consistent activation across subjects was observed during electrical 
stimulation of median and tibial nerve at the stimulus intensities I1 and I2  in 
contralateral SI, bilateral SII and bilateral insular cortex (Fig. 1). For both median 
(“m”) and tibial (“t”) nerve stimulation, two distinct regions in the anterior-
posterior axis of SII were active in both the contralateral (“c”) and ipsilateral (“i”) 
hemispheres. We termed these sub-regions of the cSII and iSII as anterior (“a”) 
and posterior (“p”). In total, we had 8 sub-regions of interest: miSIIa, mcSIIa, 
miSIIp and mcSIIp for the median nerve stimulation, tiSIIa, tcSIIa, tiSIIp and 
tcSIIp for the tibial nerve stimulation respectively. The ANOVA on the ROI 
locations indicated statistical differences when comparing for both hemispheres 
the y-coordinates (anterior-posterior direction) of mSIIa vs. tSIIa (p<0.001), the 
y-coordinates of  mSIIa vs. mSIIp (p<0.0001), the y-coordinates of tSIIa vs. tSIIp 
(p<0.0001). No statistically significant differences were found when comparing 
the coordinates of mSIIp vs. tSIIp.  

The ANOVA on the BOLD response revealed that the posterior SII showed an 
increased activation at painful stimulation (I2) with respect to nonpainful 
stimulation (I1) for both median and tibial nerve stimulation. In contrast, a 
practically constant activation was observed in the anterior SII as a function of 
the stimulus intensity (Fig. 2).  

DISCUSSION 

The present study extended the functional segregation of the nonpainful and 
painful populations observed for the “hand” SII [Ferretti, 2003] to the “foot” 
SII, in line with the idea of a general somatotopic organization of SII. Indeed, 
the posterior but not the anterior SII increased its activation as a function of the 
stimulus intensity from nonpainful to painful levels. Moreover, a noteworthy 
finding was that the location of “hand” SII painful population and the “foot” 
SII painful population was the same, while a clear somatotopy was confirmed 
for the nonpainful “hand” SII and “foot” SII populations [Del Gratta, 2000, 
2002]. This finding suggests that noxious information is not somatotopically 
represented in SII. 

ACKNOWLEDGEMENTS 

This work was partially supported by a grant from the Italian Ministry of 
Research to the Center of Excellence on Aging of the University. 

REFERENCES 

Del Gratta C, Della Penna S, Tartaro A, Ferretti A, Torquati, K, Bonomo, L, 
Romani, GL, Rossini PM. Topographic organization of the human primary and 
secondary somatosensory areas: an fMRI study. NeuroReport. 2000;11(9): 
2035-43.

Del Gratta C, Della Penna S, Ferretti A, Franciotti R, Pizzella V, Tartaro A, 
Torquati K, Bonomo L, Romani G. L, Rossini PM. Topographic organization of 
the human primary and secondary somatosensory cortices: comparison of fMRI 
and MEG findings. Neuroimage  2002;17:1373-83. 

Ferretti A, Babiloni C, Del Gratta C, Caulo M, Tartaro A, Bonomo L, Rossini 
PM, Romani G.L. Functional topography of the secondary somatosensory 
cortex for nonpainful and painful stimuli: an fMRI study. NeuroImage 
2003;20:1625-1638. 

Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun MA, Noll DC. 
Improved assessment of significant activation in functional magnetic 
resonance imaging (fMRI): use of a cluster-size threshold. Magn. Reson. Med. 1995;33:636-47. 

Friston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD, Frackowiak RSJ. Statistical parametric maps in functional imaging: A general linear 
approach. Hum. Brain Mapping. 1995;2:173-81. 

Niddam DM, Yeh TC, Wu YT, Lee PL, Ho LT, Arendt-Nielsen L, Chen AC, Hsieh JC. Event-related functional MRI study on central representation 
of acute muscle pain induced by electrical stimulation. Neuroimage. 2002 ;17(3):1437-50. 

Talairach J, Tournoux P. 1998. Co-planar Stereotaxic Atlas of the Human Brain. Thieme, New York. 

Torquati K, Pizzella V, Della Penna S, Franciotti R, Babiloni C, Rossini PM, Romani GL. Comparison between SI and SII responses as a function of 
stimulus intensity. NeuroReport. 2002;13(6): 813-19. 

Figure 1. Results of the group analysis of the fMRI 
responses: activated areas in the somatosensory 
cortex of the left (contralateral) hemisphere after the 
stimulation of median (light gray) and tibial (dark 
gray) nerve. 

Figure 2. Mean BOLD response across subjects as a 
function of the stimulus intensity in the activated SII 
sub-regions discussed in the main text. Error bars are 
standard errors. 
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ABSTRACT 

We recorded simultaneously functional magnetic resonance imaging (fMRI) of brain activation elicited by viewing erotic scenes, and the time 
course of penile tumescence. The activation maps highlighted a neural circuit specifically correlated with penile erection. With a time resolved data 
analysis, we correlated different areas of this circuit with different psychological components of sexual arousal.  

KEY WORDS 

Functional magnetic resonance imaging (fMRI); sexual arousal; penile tumescence.  

INTRODUCTION

Human sexual arousal is a multidimensional experience comprising physiological and psychological processes. Studies on sexual behavior have 
mainly focused on the peripheral mechanisms of sexual response. However, little is known about the brain areas supporting the psychological 
mechanisms involved in sexual response. Previous studies [Stoleru, 1999][Mouras, 2003] using functional magnetic resonance imaging (fMRI) or 
positron emission tomography (PET) have shown increased neural activity in the inferior right frontal cortex, the inferior temporal cortex, the left 
anterior cingulate cortex and the right insula when viewing erotic video clips. Nevertheless, little is known on the spatio-temporal recruitment of 
brain relays sustaining the different phases of a complete sexual response, such as: beginning of sexual arousal, onset of penile tumescence, and 
reaching and maintaining of full erection. The aim of this study was to disentangle the spatio-temporal characteristics of relationships among brain 
areas during the various phases of a behavioral response to visual erotic stimuli leading to a complete erection, and distinguishing them from each 
other and from non-sexual arousal and attention.  

METHODS

We recorded both the Blood Oxygen Level Dependent (BOLD) response and the level of penile tumescence during visual erotic stimulation in 
two different fMRI (1.5 T Siemens Vision scanner, T2* weighted imaging with TE = 60 ms, matrix 64 x 64, field of view 256 mm, slice thickness 4 
mm) experimental paradigms. In the first paradigm, participants were briefly presented with erotic still images, while in the second paradigm they 
were presented with prolonged erotic video clips. The on-line continuous measurement of penile tumescence allowed: 1) to verify that the former 
paradigm never led participants to penile erection while the latter always did; and 2) to identify, in the latter paradigm, successive phases of 
behavioral response.  

Ten healthy male volunteers ranging in age from 21 to 25 years, after signing an informed consent, were studied. The protocol was approved by 
the local Ethics Committee. Prior to the fMRI study, participants were interviewed in order to assess their sexual background, and to exclude possible 
erectile dysfunction and personality disorders. In the video study, a standard block paradigm, with erotic (3 minutes duration), sport (2 minutes) and 
neutral (30 s) clips was used. In the image study, a pseudorandom sequence of sport and erotic pictures (3 s of presentation followed by a gray screen 
for 15 s each) was used.  

Data were analyzed by means of the Brain Voyager 4.9 software [Brain Innovation, The Netherlands]. Statistical activation maps were obtained 
for the video (block design) and for the image (event related design) studies using the General Linear Model [Friston, 1995]. In both studies, 
activation patterns in fMRI images were calculated against a baseline consisting of sport visual stimulation. Penile tumescence was recorded 
continuously, during visual stimulation and data acquisition, by means of a custom built MRI compatible pneumatic device. This allowed a clear 
distinction among progressive phases of behavioral response starting with interest for the erotic message in absence of erection (sexual arousal = SA), 
rising erection (onset of erection = OE), and complete and maintained erection (sustained erection = SE). In the study with image stimulation, penile 
erection was never observed. 

RESULTS 

Bilateral activation in the inferior parietal lobule and precuneus, cuneus, extrastriatal visual cortices, prefrontal cortices, and mesial temporal 
structures (hyppocampus and amygdala) were observed in both video and still image studies. In contrast, bilateral activation in the thalamus, anterior 
cingulate and hypothalamus, insula and secondary somato-sensory cortex (SII) was found only in the video stimulation study. For these areas, for 
each subject and behavioral condition (SA, OE, SE), the relative increase in BOLD response with respect to sport clip viewing was calculated. A one-
way ANOVA test with the behavioral condition as factor revealed that when comparing OE with SA, a statistically significant increase in activation 
in the most rostral anterior cingulate region, in the hypothalamus, in the insula and in SII was observed; when comparing SE with SA, a statistically 
significant increase in activation in the anterior cingulate, in SII and in the insula was observed; finally when comparing SE with OE, a statistically 
significant increase in activation in SII and in the insula, was observed, as well as a statistically significant decrease in activation in the 
hypothalamus. An increase in activation was also observed, from SA to SE in the amygdala. Main results are shown in Figure1. 
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DISCUSSION 

Our results on brain activation during erotic scenes viewing increase the knowledge from previous studies [Stoleru, 1999][Beauregard, 2001], and 
clarify the neural circuit sub-serving the processing of erotic visual stimuli. This circuit includes limbic (hypothalamus, hyppocampus and amygdala) 
and paralimbic areas (anterior cingulate gyrus, frontal lobe and insula), associative cortices (inferior temporal and occipital cortices) and other areas 
in the sensory pathway (thalamus and SII). Compared to video clips, erotic still images activated only a subset of this complex circuit. Activation in 
the latter condition was restricted to hyppocampus, amygdala, and associative areas (posterior temporal and parietal cortices). In contrast, the 
hypothalamus, the anterior cingulate, frontal areas, insular cortices, and SII were activated only by video clip viewing, and should therefore be related 
to the complete sexual response. This idea is supported by the fact that still image viewing was never associated with penile erection. We are aware 
that the different stimulus type in the two paradigms (static vs. dynamic, short vs. long, etc.) should in any case generate different patterns of 
activation. However, the observation of a complete erection exclusively in the paradigm where the activation of limbic and paralimbic structures is 
observed, is a robust argument in favor of the implication of the latter areas in the development of a complete sexual response. The further analysis of 
the video clip paradigm data by comparing the patterns of activation associated with the three phases (SA, OE, SE) of behavioral response revealed 
that the hypothalamic and anterior cingulate areas were maximally active during the initial part of erection. These regions are known to be involved 
in modulating autonomic and endocrine functions including gonadal and adrenal secretion and to be linked to attentional processes by focusing 
reactivity to new environmental stimuli. The hemodynamic peak of the hypothalamic activation was found in the OE phase, suggesting that the 
hypothalamus may serve the triggering of an overt sexual response. The anterior cingulate cortex activation also peaks in the OE phase and maintains 
the level of activation during the SE phase. Bilateral activations in sub-insular/insular regions and secondary somato-sensory areas showed the 
highest correlation with the time course of penile reaction, being increasingly recruited from SA to SE. The insula has been linked to motor, 
vestibular and language functions. It lies in proximity of secondary somato-sensory cortex and is bidirectionally connected to it; they both relay 
visceral and somato-sensory perceptions related to processing of the cognitive content of the incoming sensory stimuli. The activation in these 
regions may therefore support the specific mechanisms responsible of the sustained behavioral response to erotic visual stimulation. A similar trend 
was seen for the amygdala, which may be related to the increasing intensity of the emotional involvement during prolonged visual erotic stimulation. 
In future studies the detailed knowledge of brain activation dynamics during sexual arousal may allow to detect altered patterns correlated to 
dysfunction, as well as modifications induced by pharmacological treatment, which could also be monitored during a possible rehabilitation therapy. 
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Figure 1. FMRI activation (p<0.01) observed in the contrast erotic vs. sport video viewing in  hypothalamus, anterior cingulate and thalamus 
(left). Bold response observed in the hypothalamus and anterior cingulate during the three phases discussed in the main text: SA, OE, SE 
(right).
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fMRI constrained MEG Source Imaging and Consideration of fMRI Invisible Sources 
Im, Chang-Hwan1,2, Jung, Hyun-Kyo1, Fujimaki, Norio2

1 Seoul National University, Korea, 2 National Institute of Information and Communications Technology (NICT), Japan. 

ABSTRACT 

Recent studies on the combination of fMRI and MEG have suggested that the fMRI prior information could be easily implemented by just giving 
a constant weighting factor to the diagonal terms of source covariance matrix in linear inverse operator. We applied the fMRI constrained MEG to 
several simulation and experimental data, and found that some MEG sources may be eliminated by the introduction of the fMRI weighting and the 
eliminated sources may still affect sources in fMRI activation regions. In this paper, in order to check whether the eliminated sources were fMRI 
invisible ones or just spurious ones, we placed small numbers of regional sources (rotating dipoles) around all possible activation regions and 
investigated their temporal changes. By investigating the results carefully, we could evaluate whether the missed sources were real or not. 

INTRODUCTION

The most straightforward way to impose fMRI constraint upon MEG distributed source reconstruction is to restrict the source spaces at locations 
exceeding a threshold predetermined for fMRI statistical parametric mapping (SPM) [George et al., 1995]. However, according to Liu et al.’s study 
[1998], this approach is very sensitive to some generators of MEG or EEG signals that are not detected by fMRI, which has been usually referred to 
as fMRI invisible sources. Liu et al. [1998] revealed that the distortion by the fMRI invisible sources could be reduced considerably by just giving a 
constant weighting factor to the diagonal terms of source covariance matrix in linear inverse operator. They also suggested that the optimal fMRI 
weighting for the non-activation regions should be 10% of the maximum value, in order to minimize the distortion due to both fMRI invisible and 
visible sources. Although the fMRI constrained distributed source reconstruction provided a very promising way to integrate different modalities, it 
overlooked the fMRI invisible sources. We applied the conventional approach to several cases and found that some MEG sources might be eliminated 
by the fMRI constraint. Moreover, it was also revealed that the fMRI activation regions were still very sensitive to the existence of significant fMRI 
invisible sources. However, one should also remind that the distributed source approaches without any constraints suffer from unwanted spurious 
sources due to underdetermined relationship between the number of unknowns and that of measured data. Therefore, we have to check whether the 
missed source areas are real MEG generators or just spurious sources. In this paper, we first compared distributed sources obtained from two different 
cases: with and without fMRI constraint. Then, if the difference between two results was distinguished, we placed small numbers of regional sources 
around possible activation regions and investigated their temporal changes based on a least square estimate, in order to check whether the eliminated 
sources were fMRI invisible ones or spurious ones. The proposed procedure was applied to simulated and experimental data, and proved to be a 
promising method to find neuronal activities that could not be detected by conventional fMRI constrained MEG or fMRI-alone analyses. 

SIMULATION STUDY USING FORWARD DATA 

The sensor layout used for the simulation was a 148-channel whole-head MEG system. To 
utilize anatomical information, interface between white and grey matter was extracted from MRI 
T1 images and tessellated into about 500,000 triangular elements. In this paper, boundary 
element method (BEM) was applied for the forward calculation of magnetic field. Figure 1(left) 
shows assumed fMRI activation regions obtained from a practical measurement. For the forward 
calculation, we placed three dipoles – two inside of the fMRI activation areas and the other 
outside of them. Figure 1(right) represents the locations of the three sources. The source patterns 
of three dipoles with respect to time t were defined as follows: Source 1 � I  = � 0.6 � 10-4 (t – 
100)2 + 0.6 (0 ms  < t < 200 ms), I  = 0 (other window); Source 2 � I = � 0.25 � 10-4 (t – 300)2 + 1 (100 ms < t < 500 ms), I  = 0 (other window); 
Source 3 � I  = � 0.6 � 10-4 (t – 100)2 + 0.6    (0 ms  < t < 200 ms), I  = 0 (other window). After the forward calculation of magnetic field assuming 
670Hz-sampling rate, we added real brain noise to each sensor. Figure 2 shows the finally constructed signal patterns for 148 channels with respect to 
simulated time. Then, we reconstructed source distributions at times of 100ms and 300ms using two different conditions – with and without fMRI 
constraint. For imposing an anatomical constraint, the tessellated cortical surface was sampled to be about 10,000 dipole locations. Note that sources 
1 and 3 were activated around 100ms; while 1 and 2 around 300ms. Figure 3 shows the resultant source distributions at 100ms and 300ms. It can be 
seen from the figures that the source distribution was further focalized at 100ms by applying the fMRI constraint. On the contrary, significantly 
different results were obtained at 300ms. For the MEG alone case, the source distribution was somewhat widespread, but positions with highest 
source power coincide well with those of assumed dipoles. When the fMRI constrained inverse procedure was applied, however, it can be easily seen 
that the source 2 was nearly eliminated. Instead, nearby fMRI areas were activated to similarly mimic magnetic field distribution. We calculated
goodness of fit (GOF) for the two results. The GOF of the MEG alone case was 93.5% but that of the fMRI constraint case was just 77.8%. These 
show that the capability of reconstructing sources may be degraded by the introduction of fMRI constraint especially when significant fMRI invisible 
sources exist. We tried several weighting factors, but we could not find any absolutely 
compromising value that could completely reduce distortions from the fMRI invisible sources nor 
prevent the fMRI invisible ones from being eliminated. 

In this study, we insist that both MEG alone and fMRI constraint cases should be applied 
simultaneously. Then, if the difference between two source distributions are distinguished and 
some sources in MEG alone case are eliminated by the introduction of the MRI constraint, we 
should assess whether the missed sources are fMRI invisible ones or MEG spurious ones. In our 
study, for the assessment, we placed some rotating dipoles around possible activating areas. Then, 
temporal changes of the dipoles’ moments were estimated using tSVD. If the magnitude of an 
estimated dipole moment has a smaller value than a noise level, we judged that the distributed 
sources around the dipole have high probability to be spurious sources. Such an assessment using 
small numbers of dipoles is thought reasonable because such kinds of estimation has much smaller 

Figure 1. fMRI activation regions (left) and 
locations of three sources (right) 

Figure 2. Simulated MEG signal 
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probability to generate spurious solutions compared to 
the distributed source models that use large numbers of 
dipoles simultaneously. To check this property, we 
placed 4 dipoles at probable activation regions, as 
shown in Figure 4(a). Figure 4(b) shows the temporal 
changes of the testing dipoles around 300ms, where the 
missed source 2 shows significant dipole moment 
intensity. Therefore, it has large probability to be an 
fMRI invisible source, not just a spurious source. Like 
this way, we can assess whether the missed sources are 
meaningful ones or ignorable ones. 

APPLICATIONS TO A JAPANESE LANGUAGE 
LEXICAL JUDGMENT TEST 

A problem considered in this study was a Japanese language lexical judgment test [Fujimaki 
et al., 1999]. Several strings of three characters were visually presented to a subject (a right-handed Japanese). The set of strings was composed of 
Japanese katakana strings (meaningful nouns) and meaningless pseudo-character strings. The subject answered whether the strings were meaningful 
or not, by pressing one of two buttons with his left index and middle fingers. A 1.5-T system was used to get fMRI data and a 148-channel whole 
head MEG was used to record the magnetic field. Figure 5 shows the fMRI activation 
regions coregistered with the tessellated cortical surface and reconstructed source 
distributions with and without fMRI constraint at 140 ms (results at other times were 
omitted because of page limit). We could observe that MEG extended sources inside 
fMRI activation regions were focalized by the introduction of fMRI constraint, but 
some MEG sources outside the regions were eliminated as in the previous simulation 
studies. Therefore, we placed some regional sources around possible activation regions. 
8 rotating dipoles were placed as shown in Figure 6 and their temporal changes were 
investigated using tSVD between 120 and 160 ms. Figure 7 shows the normalized 
dipole intensities with respect to time. Since the magnitudes of measured signals did 
not necessarily coincide with estimated source intensities, we estimated a noisy source-
to-real source ratio in order to assess significance of a regional source. By investigating 
several time slices, we could find that noisy source intensity did not exceed 15% of 
maximum real source intensity, which appears around 140 ms. From the Figure 7, we 
could see the followings: 1) Regional 
sources 1, 2, 5, and 6 were located 
around missed activations. Dipole 
intensities of 1 and 2 were large; while 
those of 5 and 6 were smaller than 
noisy source level. 2) Other dipoles, 
which were located inside fMRI 
activation regions, showed relatively 
significant levels at 140 ms. 3) Hence, 
the missed sources 1 and 2 have larger 
probability to be fMRI invisible 
sources, but 5 and 6 may be spurious 
sources, which were generated during 
MEG inverse processes. 

CONCLUSIONS 

In this paper, fMRI constrained MEG source reconstruction was implemented and applied to simulation and experiment studies. From the results, 
we revealed that the conventional technique to impose fMRI constraint using ‘a diagonal weighting’ might miss some significant fMRI invisible 
MEG sources. If the fMRI activation regions can cover every MEG generator; the MEG source distribution could be focalized by fMRI constraint. In 
addition, the MEG analysis could provide temporal information for the fMRI results. However, these merits may become useless when there are 
some MEG generators that are not included in fMRI activations. In this paper, we insisted that one should simulate both MEG alone case as well as 
fMRI constraint case. If the difference is distinguished and some sources are eliminated by the introduction of fMRI constraint, small numbers of 
regional sources were placed around all possible candidate positions and their temporal changes were investigated. We expect that this method can be 
a promising method to find neuronal activities that could not be detected by conventional fMRI constrained MEG or fMRI-alone analyses. 
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Figure 3. Current distribution without (left) 
and with (right) fMRI constraint 

(a)

(b)
Figure 4. (a) Rotating dipoles and (b) their 

temporal changes 

Figure 5. fMRI activation and reconstructed sources from 
MEG alone and fMRI prior cases (bright – high power) 

Figure 6. Locations of regional sources to 
check temporal changes.

Figure 7. Temporal changes of 8 regional sources. 



P5-2

669
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ABSTRACT 

Here, we used both MEG and fMRI to detect the dynamic brain responses to 3-D structure perception from random-dot motion in human. The 
visual stimuli consisted of 1000 random dots, which started to move 500ms after the onset of presentation, were used. The coherence of the motion 
was parametrically controlled. Stimuli that were fully coherent had all the dots moving as if they belonged to a rotating spherical surface. On the 
other hand, the 80, 60, 40, 20, and 0% coherence stimuli contain dots having the same speed as the fully coherent stimuli but the directions of the 20, 
40, 60, 80, and 100% of the dots were randomized, respectively.  Neuromagnetic signals were measured with a 306-channel MEG system. More than 
60 stimulus-related epochs were recorded and averaged separately for each condition.  FMRI experiments were conducted using a 3 Tesla scanner, in 
which 12s blocks were presented in pseudo-randomized order. The results of the fMRI analysis were used to impose plausible constraints on the 
MEG inverse calculation using ‘weighted’ minimum-norm approach to improve spatial resolution of the spatiotemporal activity estimates. The 
bilateral occipito-temporal and the intraparietal regions showed increased neural activity in the fully coherent motion condition around the latencies 
of 180ms and 240ms after the onset of motion, respectively. These results indicate that the bilateral occipito-temporal and intraparietal regions play 
an important role in the perception of 3-D structure from motion. Also, the present study adds further insight into the temporal characteristics of the 
neural activities in these regions. 

KEY WORDS 

3-D structure perception from motion, MEG, fMRI, weighted minimum-norm method, occipito-temporal region, intraparietal region 

INTRODUCTION

Perception of three-dimensional structure from motion requires the visual motion to be integrated spatially as well as the recognition of the object 
shape.  Many psychophysical studies have been done to investigate how the visual system extracts the 3-D structure of objects from 2-D motion of 
random dots (structure-from-motion: SFM). Recent neuroimaging studies suggest the involvement of the parieto-occipital junction, the superior-
occipital gyrus, and the ventral occipito-temporal junction in the perception of 3-D structure from motion [Paradis, 2000], though the neural 
dynamics underlying the reconstruction of a 3-D perception from optic flow is not fully understood.  In this study, we used both the neuromagnetic 
(magnetoencephalography: MEG) and the hemodynamic (functional MRI: fMRI) measurements to detect the dynamic brain responses to 3-D
structure perception from random-dot motion in human. 

METHODS

Visual stimuli: The visual stimuli consisted of 1000 random dots, which started to move 500 ms after the onset of presentation.  The coherence of the 
motion was controlled from 0 to 100 %. A stimulus that is fully coherent had all the dots moving as if they belonged to a rotating spherical surface 
with a radius of 10 degree in visual angle. On the other hand, the 80, 60, 40, 20, and 0 % coherence stimuli contain dots having the same speed as the 
fully coherent stimuli but the directions of the 20, 40, 60, 80, and 100 % of the dots were randomized, respectively.  
MEG acquisition: Neuromagnetic signals were measured during subjects viewing visual stimuli with a 306-channel MEG system. The stimulus-
related epochs of 2000 ms, including a 1000 ms pre-stimulus baseline, were recorded with a pass-band of 0.01 - 200 Hz and a sampling rate of 600 
Hz. More than 60 epochs were averaged for each condition. 
fMRI acquisition: The scanning was conducted using a 3 Tesla Siemens Allegra scanner. For functional imaging, the single shot echo-planer imaging
sequence was used with the imaging parameters TR 3000 ms, TE 40 ms, FA 90 deg, 40 axial slices, 3 mm thickness with 0 mm gap, 64x64 matrix, 
and FOV 220 mm, which covered the entire brain. Three 14-min functional scans were divided into 12 sec phases, randomly alternating between 
different stimulus (coherency) conditions and resting (fixation) periods. Within each phase, motion stimuli were presented every 4 sec. 
Data processing: Reconstruction and analysis of the fMRI data were performed using FreeSurfer software. The data were realigned using the first
image as a reference and spatially smoothed using Gaussian kernels of 6 mm. A boxcar wave function was applied as a reference function, and a 
statistical parametric map was generated for each voxel.  The results of the fMRI analysis were used to impose plausible constraints on the MEG 
inverse calculation using ‘weighted’ minimum-norm approach [Hamalainen, 1993][Dale, 2000] to improve spatial resolution of the spatio-temporal 
activity estimates.  In this experiment, we introduced 
fMRI weighting, which was determined by thresholding 
the fMRI statistical parametric map for each (0, 20, 40, 
60, 80, and 100 % coherence) condition vs. fixation 
condition, into linear inverse operator used to map 
measured MEG signal into estimated neural source 
distributions [Dale, 2000]. 

RESULTS 

Subjects’ responses collected during the MEG 
measurements showed that the perception of 3-D structure 
(rotating sphere) was dominant only in the 80 and 100 % 
coherence conditions. 

Fig. 1 shows fMRI statistical parametric maps for 
coherent motion ((a) 100, (b) 80, and (c) 60 % coherence) Fig. 1 Results of the fMRI analysis for coherent motion ((a) 100, (b) 80, and (c) 60 
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conditions vs. random-dot motion (0 % coherence) condition in the typical 
subject. Activation in the bilateral occipital/occipito-temporal and the intra-
parietal regions were modulated by the change of motion coherence. 

Fig.2 shows the neural activity distributions for (a) the random-dot motion 
condition and (b) the fully coherent motion condition estimated using fMRI-
constrained MEG inverse procedure in the typical subject.  The bilateral 
occipito-temporal and the intraparietal regions showed increased neural activity 
in the fully coherent motion condition around the latencies of 180 ms and 240 
ms after the onset of motion, respectively.

DISCUSSION 

The results shown here indicate that the occipito-temporal and intraparietal 
regions play an important role in the perception of 3-D structure from random-
dot motion. These results are in agreement with those from the previous studies 
of 3-D structure perception from motion using fMRI [Paradis, 2000] 
[Kriegeskorte, 2003] in terms of their locations, and adding the further insight 
into the temporal characteristics of the neural activities in these regions.  

The change in the activation in the occipito-temporal motion-sensitive area 
in conjunction with the perception of global motion is also reported in the 
previous fMRI studies [Vaina, 1998] [Castelo-Branco, 2002] [Peuskens, 2004], 
and the intra-parietal region were reported to be activated during the mental 
imagery processing [Iwaki, 1999] [Jordan, 2004], which suggests that the 
perception of moving 3-D object from 2-D random-dot motion includes both 
perception of global motion and 3-D mental image processing, that are 
accomplished by the cooperative activation in the ventral and dorsal visual 
pathways. 
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Figure 1.  Optical localizer OptiCoS: mechanical setup with 
superimposed coordinate frame and lines associated with 
cameras. 

Versatile 3D Optical Marker Localizer for Multimodal Integration 
Lindenthal, H., Müller, H.-P., Pasquarelli, A., Erné, S.N. 

Division for Biosignals and Imaging Technologies, ZIBMT, University of Ulm, Germany  

ABSTRACT 

The first step in multimodal integration is to bring all involved modalities into spatial alignment, a procedure referred to as co-registration. Co-
Registration may be based on distinct locations marked by fiducials, electrodes or similar devices, or on surface matching algorithms using numerous 
intrinsic reference points. Both methods can use coordinates acquired by either electromagnetic or optical localizers. Optical registration is based on a 
stereoscopic approach using multiple 2-D images captured from different angles. Since all images are acquired simultaneously on operator command, 
the spatial coordinates delivered by the system refer to the same point in time, thus reducing measurement artefacts due to patient movement. In 
contrast,  electromagnetic localizers acquire  spatial coordinates in a sequential manner one at a time.  

The purpose of this study is to introduce a simple and reliable optical localizer (OptiCoS) which delivers fast and accurate results independent of 
the involved markers. The localizer has been used extensively for neurological source imaging under clinical conditions at the ZIBMT in Ulm, by co-
registering MEG and MRI data sets. The applied system covers the entire human head and has a spatial accuracy of approximately 1mm for marker 
localisation. The systems design is based on a configurable mechanical setup so that it may be used in a wide field of medical applications.

KEY WORDS 

Optical 3-D Localizer, Registration, Multimodal Integration 

INTRODUCTION

Since the detection of modality specific markers is usually not possible in the environment of any other modality, the need for co-registering the 
data of all involved modalities in a common coordinate frame arises. Using multimodal markers or replacing markers of different modalities at 
identical locations may not be considered when certain modalities require markers at specific anatomic locations different from those of other 
modalities. Such constraints are avoided if the registration is performed with a modality independent localizer system. 

In clinical applications, optical 3-D localizers can be used to measure the spatial position of any visible reference point on the surface of the 
human body with sufficient accuracy. This is also possible with electromagnetic localizers which acquire registration data manually in a sequential 
manner. Movement of the subject during registration will thus lead to artefacts and decrease the overall accuracy of the system. The optical approach, 
however, provides simultaneous registration of multiple reference points. Thus, fixed relations between spatial references can be established. The 
optical localizer introduced in the following is based on the stereoscopic principle. Its accuracy, therefore, mostly depends on the mechanical rigidity 
of the overall registration system as well as on the optical properties of the cameras and their adjustment. As will be shown in this work, a setup 
comprised of a modular, industry standard, aluminium rail system and medium resolution CCD cameras commonly used for machine vision 
applications, delivers an accuracy of approximately 1mm.  

METHODS

The localizer system OptiCoS can be configured using up to 10 cameras with positions, orientations and optical properties according to the 
applications requirements. The system at the ZIBMT (Fig. 1) utilises 6 cameras arranged on a circle line with the cameras optical axes tilted by an 
angle of 45° to focus the common optical centre [Lindenthal, 2001]. Configuration, image acquisition, coordinate calculation and visualisation is 
carried out by a PC equipped with a PCI framegrabber board.  

All 2-D camera images are available for user interaction. Registering a 
spatial reference point means localising its 2-D representation in at least two 
different camera images. This may be accomplished manually by the operator 
via a mouse click on its optical centre or via automatic pattern recognition. 
Based on these 2-D coordinates 3-D line equations are established. Their 
intersections indicate the actual spatial position of the point. In manual detection 
mode any visible reference point can be registered. No special localizers are 
necessary. Examples are fiducials, MEG coils, EEG electrodes and significant 
anatomic landmarks. For automatic detection, provisions must be made to 
produce striking marker images. All registrations referred to in this work have 
been performed manually. Registered points may be visualised and rotated by 
any angle and spatial inter-point-distances may be measured. Up to 100 markers 
may be identified individually. They can also be labelled with up to 6 modality 
specific tags for visualisation and analysis.  

In the course of one study, 34 subjects were involved in the process of 
multimodal integration for the purpose of neurological source location in the 
human brain. These subjects underwent a measurement protocol consisting of 
MRI scanning, MEG recording and optical co-registration. MEG recording was 
carried out on a 55-channel planar SQUID magnetometer system, Argos55 (AtB, 
Pescara, Italy) [Erné, 1998]. MRI scanning was performed on an 1.5 T scanner 
(Siemens, Erlangen, Germany) with a voxel size of 1x1x1 mm3. OptiCoS was 
used for optical co-registration. After acquisition, the data from all modalities 

were merged into a common coordinate frame by means of fit algorithms. This task was accomplished by OMEGA, a special analysis software
package for MRI and biomagnetic measurements [Erné, 2002]. 
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(a)    (b)   (c) 
Figure 2. MEG/MRI marker localisation by OptiCoS. (a) + (b) camera images. (c) artificial 3-D 
visualisation of located markers. 

(a)    (b)   (c) 
Figure 3. EEG electrode localisation by OptiCoS. (a) + (b) camera images. (c) artificial 3-D visualisation of 
located markers. 

RESULTS 

The spatial resolution of the 
system is limited by the properties 
of its components. The system 
which is being used at the ZIBMT 
utilises 1/3'' 768x576 pixel CCD 
cameras equipped with lenses of 
12 mm focal length making it 
possible to distinguish two points 
as close as 0.37 mm at a distance 
of 700 mm. Furthermore 
registration accuracy is determined 
by the actual true error applying to 
specific registration instances and 
uncertainties due to the mechanical 
misalignment of the cameras 
optical axes, optical distortion 
caused by lenses and incorrect 2-D 
centre detection due to poorly lit or 
partially obscured markers. To take 
into account all these influences the 
series of 34 MEG registrations 
performed in the course of the 
mentioned neurological study was 
evaluated. For each registration the 
known distances of 3 MEG 
markers were compared against the 
distances of their optically 
registered 3-D coordinates. 
Statistical analysis showed an 
average error of 0.68 mm and a 
deviation of 0.55 mm, which 
proved to be sufficiently accurate 
for neurological source location in 
the human brain. 

The OptiCoS capability to individually detect up to 100 locations qualifies the system for registering EEG-electrode configurations. An example 
is given in Fig. 3. 

DISCUSSION 

It can be discussed whether fully automated algorithms are desired in all clinical applications. The argument is that many current methods have a 
trade-off between minimal interaction and speed, accuracy, or robustness [Maintz, 1998] As long as only small quantity of reference points is dealt 
with, it is beneficial for optical localisation when the user is “kept in the loop”, by steering the optimisation, narrowing the search space, or rejecting 
mismatches. Even without any support by automatic pattern recognition, a trained operator can register up to 10 reference points manually within a 
few minutes by mouse clicks on their optical centre. Experience shows that images captured under clinical conditions rarely contain the desired 
optical information without any disturbances. Pattern recognition algorithms, however, can easily be deceived by such images, thus asking for more 
sophisticated procedures consuming more computing time. For reliable and accurate registration of few reference points, manual detection, therefore, 
seems to be the method of choice. When dealing with larger quantities of reference points, e.g. EEG electrode caps, automated registration might be 
considered instead. 
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Regional Resolving Power of Combined MEG/EEG 
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ABSTRACT

Different modeling frameworks (such as error analyses for dipole localization; crosstalk and point spread analyses for linear estimators [Liu et al.,
2002]; etc.) have demonstrated improved three-dimensional (3D) resolution for combined MEG/EEG (or EMEG) source estimation.  Complementary
to these, an empirical analysis of 2D surface data suggested that MEG and EEG information content could be superadditive [Pflieger et al., 2000].
Taking a hybrid approach in the present study, we made simulations within a regional activity estimation (REGAE, [Pflieger & Greenblatt, 2001])
framework, which quantifies the ability of EMEG to discriminate brain activity originating within a 3D region of interest (ROI) from simultaneous 
non-ROI activity. Two metrics were employed: Kullback-Leibler divergence (KLD) and area under the receiver operator characteristic curve
(AUROC).  High-density sensor configurations (248 magnetometers, 256 electrodes) were combined with a gray matter source space model (7931 
dipole triples, maximum entropy activities), assuming magnetic 3-shell sphere and electric BEM head models. Superadditive KLD was observed 
frequently across 89 representative brain ROIs and 3 ROI sizes (5, 10, and 15 mm radii), especially for regions already fairly visible to each modality.
Of potentially more general interest, we have semi-empirically derived an explicit functional relationship between AUROC and KLD.

KEY WORDS 

Magnetoencephalography, electroencephalography, brain electrical activity mapping, information theory, regional activity estimation

THEORY

Macroscopic ionic currents in the brain generate measurable extracranial fields that may be detected by MEG and EEG sensors.  Regional activity
estimation (REGAE) is a framework for discriminating (in extracranial measurement space) source signals that originated inside a brain region of
interest (ROI) from all other source signals, i.e., those that simultaneously may have been generated outside the ROI [Pflieger & Greenblatt, 2001].
The discrimination is made via a measurement space norm that ideally should be indifferent to contributions from non-ROI generators while it 
assigns smaller or larger values to measurement vectors that had (respectively) smaller or larger contributions from ROI source signals. An -norm
on the measurement space may be characterized by a square matrix  (m-by-m, m = number of channels) such that vector x  has norm

�2
H

t�
H

x x Hx .  In turn, H  may be decomposed as H E , where  is an estimator matrix, and t� E E �y Ex
y

 is a vector, not having physical units,

the magnitude of which reflects an estimate of total ROI “activity” (noting that the Euclidean norm of  is the -norm of ). Typically in
practice, the ROI-specific estimator matrix E  may be reduced to a d-by-m matrix, where the estimator dimension d is considerably smaller than m.
That is, only d directions in measurement space are relevant for discriminating ROI signals from non-ROI signals. 

H x

For defining both ROI and non-ROI, the REGAE framework utilizes a geometric source space model.  Possible locations and directions of
current are represented (typically) by thousands of unit dipole elements in brain gray matter (with or without a cortical orientation constraint). An
ROI is defined as a “mask” that maps brain locations to values ranging between 1 (inside ROI) and 0 (outside ROI).  For example, an ROI may be
defined within gray matter via a central location (where the mask value is 1) and a function that tapers with distance (e.g., Gaussian; using either a
2D surface metric or a 3D metric modified by exclude regions). Thus, an ROI mask may be represented as an n-dimensional vector r  (n = number
of dipole elements). The sensor geometry and a volume conductor model are required to calculate a gain matrix G  (m-by-n) from dipole elements to
sensors (or to channels derived from linear combinations of sensors). A source statistics model is posited, which consists of a “prior” distribution of
source currents over the source space geometry.  For example, a maximum entropy distribution posits identical and independent activities over all
source locations (alternatively, distance-based correlations may be introduced). Assuming a mean zero Gaussian distribution, the source statistics 
model may be characterized by a source signal covariance matrix S  (n-by-n). Then the measurement space statistics, also Gaussian, have covariance

. (1)t�C GSG
Note that C  (m-by-m) has contributions from both ROI and non-ROI portions of the source space. Without ROI activity, the covariance would be 

. (2)( ( )) ( ( ) tdiag diag� � � �1 rC G I r S I r )G

1)

Because (1) and (2) have the non-ROI activity in common, the sole differentiating feature is presence versus absence of ROI activity. The norm we 
seek should utilize all information available for discriminating these two distributions. This information may be quantified as the Kullback-Leibler
divergence (KL-divergence, KLD) which, for two mean zero Gaussian distributions, is one half of the trace of the following matrix [Kullback, 1959]:

. (3)1( )( � �
� �� � �r 1 r 1 rH C C C C

As a REGAE norm matrix, this has several desirable properties: (i) all available information for detecting ROI activity in the presence of non-ROI 
activity is utilized, (ii) the norm of a measurement vector increases with increasing ROI activity (and is zero when there is no ROI activity), and (iii) 
it is indifferent to non-ROI activity.  However, to the extent that ROI and non-ROI projections overlap in measurement space, REGAE inevitably will
miss some ROI activity that produces non-zero measurements (i.e., those which are uninformative for discriminating ROI activity from non-ROI 
activity).  Note that the inverses of (3) ordinarily exist: Due to the projection of many source space elements to considerably fewer sensors, both 
covariance matrices are expected to be nonsingular. Thus, REGAE estimation does not require the Moore-Penrose generalized inverse.

METHODS

Using EMSE Suite software tools, we constructed a geometric source space model from an individual subject’s T1-weighted MRI. A segmented 
gray matter region (both cortical and non-cortical) was populated with 23,793 dipole elements at 7931 locations (3 orthogonal dipoles per location),
tightly packed with a 5 mm minimum distance constraint. A subset of locations was auto-selected based on a 25 mm minimum distance constraint,
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which produced 89 ROI centers that loosely covered the entire source space. At each ROI center, ROIs of three different sizes were obtained by
intersecting the source space with 3D spherical Gaussian distributions having standard deviations of 5, 10, and 15 mm.  MEG sensor geometry was
based on a 248-channel commercial system (4-D Neuroimaging); likewise, EEG sensor geometry was based on a 256-channel commercial system
(Neuroscan).  Both configurations were registered to the subject’s whole-head MRI. A magnetic gain matrix (248-by-23,793) was computed using a 
3-shell sphere head model, and an average-referenced electric gain matrix (256-by-23,793) was computed using a 3-compartment boundary element 
model (using scalp, outer skull, and inner skull meshes obtained from the subject’s MRI). The source signal covariance matrix was set to the identity.
For each ROI, the REGAE estimator matrix and its associated KL-divergence were computed for EEG only, MEG only, and combined EMEG cases.
MEG and EEG measurements were converted to a common system by normalizing with respect to non-ROI variances and pre-whitening with respect
to non-ROI covariances [c.f., Pflieger et al., 2000]. Area under the receiver operator characteristic curve (AUROC) was calculated by simulating 200 
instances of both ROI+non-ROI data and non-ROI-only data [Pflieger & Greenblatt, 2001]. Additivity ratios for KL-divergence were calculated as
KLD(EMEG)/(KLD(MEG)+KLD(EEG)).

RESULTS

AUROC.  Figure 1 shows AUROC averages, minima, and maxima obtained across all 89
ROIs for each modality (EEG, MEG, EMEG) and ROI radius (5, 10 & 15 mm). EEG and MEG
compare closely on average, and the average bimodal improvement is considerable across all 
radii.  Bimodal improvement is essentially nil for worst case ROIs (those with minimum
AUROC), but may considerably outperform average improvement for best case ROIs.

KL-divergence.  Similarly, Table 1 shows KL-divergence averages and maxima. All minima
were near zero (not shown). All standard errors and averages have comparable magnitudes.
EEG best cases exceed MEG best cases.  On the other hand, MEG is more consistent across 
ROIs, as manifested by lower standard errors.  Bimodal improvements are superadditive.

Relationship between AUROC and KL-divergence (KLD).  Plotting results for all ROIs,
modalities, and ROI radii, Figure 2 demonstrates that a consistent log-log linear relationship
emerged between a function of AUROC, g(AUROC)=-log(2-2AUROC), and 
KL-divergence. Linearity breaks down at the lower left end of the plot,
probably due to approaching limits of numerical resolution for the smallest
KL-divergence and AUROC values. Because log-log linearity implies a
power law, the functional relationship that emerges after symbol
manipulation is 

1 0.5exp{ ( ) }AUROC KLDB Ae� � � (4)

Table 1.  KL-Divergence: Average & Maximum 
5 mm 10 mm 15 mm 

avg�se max avg�se max avg�se max
EEG 0.09�0.11 0.55 1.13�1.43 6.00 6.30�6.09 24.7
MEG 0.06�0.09 0.46 0.89�0.93 4.36 4.34�3.80 16.4
EMEG 0.20�0.27 1.59 2.85�2.79 11.6 13.1�11.1 46.3

where A is the slope and B is the y-intercept; our results put these at
approximately 0.5 and –0.5, respectively.

Additivity ratios for individual ROIs. As noted, average and maximum
KL-divergences were superadditive. Further, individual ROI results revealed 
that 93% of KLD additivity ratios were superadditive.  76% of these had a
pattern of decreasing additivity ratio with increasing ROI radius. The
average of all additivity ratios for the 10 mm radius case was 1.29.

DISCUSSION

This study demonstrates that, in principle, combined electromagnetic source estimation may be highly beneficial within the REGAE framework: An
ROI with fair “visibility” for each modality may become significantly more visible when both modalities are utilized simultaneously.  However, ROIs
with very poor single modality visibility are unlikely to benefit from bimodal estimation. As discussed in [Pflieger et al., 2000], superadditivity can
occur only when both modalities cooperate to enhance the contrast between signal (ROI activity) and noise (non-ROI activity). An important 
limitation to be overcome in a planned study is the assumption of perfect MEG and EEG head models [c.f., Pflieger & Greenblatt, 2002].
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ABSTRACT 

We develop a novel approach of cross-modal correspondence analysis (CMCA) to address whether brain activities observed in 
magnetoencephalography (MEG) and functional magnetic resonance imaging (fMRI) represent a common neuronal subpopulation, and if so, which 
frequency band obtained by MEG best fits the common brain areas. Fourteen adults were investigated by whole-head MEG using a single equivalent 
current dipole (ECD) and synthetic aperture magnetometry (SAM) approaches and by fMRI at 1.5 T using linear time-invariant modeling to generate 
statistical maps. The same somatosensory stimulus sequences consisting of tactile impulses to the right sided: digit 1, digit 4 and lower lip were used 
in both neuroimaging modalities. To evaluate the reproducibility of MEG and fMRI results, one subject was measured repeatedly. Despite different 
MEG dipole locations and locations of maximum activation in SAM and fMRI, CMCA revealed a common subpopulation of the primary 
somatosensory cortex, which displays a clear homuncular organization. MEG activity in the frequency range between 30 and 60 Hz, followed by the 
ranges of 20–30 and 60–100 Hz, explained best the defined subrepresentation given by both MEG and fMRI. These findings have important 
implications for improving and understanding of the biophysics underlying both neuroimaging techniques, and for determining the best strategy to 
combine MEG and fMRI data to study the spatiotemporal nature of brain activity.  

INTRODUCTION

Despite the ubiquitous use of functional magnetic resonance imaging (fMRI) in neuroscience research, much remains to be determined about the 
relationship between fMRI signals and measures of neural activity obtained by other functional neuroimaging methods. This paper discusses to some 
extend how fMRI and magnetoencephalography (MEG) signals are linked. The fMRI signal is a complex function of multiple physical parameters: 
blood flow, blood volume, and blood oxygenation [1]. The spatial resolution of BOLD fMRI is thought to be generally better than other imaging 
techniques, such as single photon emission computed tomography (SPECT), positron emission tomography (PET), EEG and MEG. However, the 
BOLD signal measures neuronal activity indirectly via its assumed hemodynamic correlate. The spatial resolution of the BOLD signal consequently 
depends on the local vascular geometry and physiology [2]. Therefore, areas with high vascular density, such as primary sensory areas, motor areas 
and perhaps Wernicke’s and Broca’s speech areas, are more likely to “light up” in fMRI [2]. A further complication is that fMRI signals reflect pooled 
activity of a large number of neurons [3]. 

MEG detects weak magnetic fields generated by the flow of intracellular postsynaptic currents [4] of pyramidal cells, which constitute two-thirds 
of the neurons of the cerebral cortex [5]. The dynamics of these neurons can be observed precisely in both time and frequency domains. However, 
signal from neurons without an orderly orientation, such as interneurons or those in the cerebellum or white matter [6], may cancel out, and thus their 
activation is not detectable by MEG. In addition, MEG is principally sensitive to sources that are oriented tangentially to the skull, and much less 
sensitive to those oriented radially. Hence, MEG is constrained to cortical areas that are bounded in the walls of fissural cortex and the amplitude of 
the measured MEG signal decreases rapidly as the source depth increases. 

Currently, there is increasing scientific interest in addressing how well the neuronal and hemodynamic changes correlate with brain functions. 
Progress in understanding of this issue is possible through combined electrophysiological and fMRI measurements [7]. Disbrow et al. [8] showed an 
overall concordance of 55% between fMRI and electrophysiologically defined maps. In the concordant maps, the focal points of the fMRI activations 
were located within the respective location obtained by using microelectrode-recording technique. However, in 45% of the cases, the center of the 
fMRI maps fell outside the electrophysiologically defined maps. Arthus et al. [9] showed linear coupling between fMRI and ERP amplitude in four 
out of five subjects for the early N20-P22 amplitude. Moreover, the intensity of the BOLD signal correlated linearly with the evoked potential 
amplitude in four of the five subjects studied. Differences in location of brain activity between MEG (ECD approach) and fMRI were reported for the 
early SI response [10]. However, in these studies MEG and fMRI used different time intervals for the comparison: tens of milliseconds in MEG and 
several seconds in fMRI. Therefore, it is not clear whether the observed differences are due to the method used or to differences of the quantified 
activity. 

Therefore, the objective of this study is to establish whether MEG and fMRI could detect a common brain subspace despite the different 
specificity of each measurement and the different signal to noise ratios inherent in each method. Furthermore, the contributions of different frequency 
bands of the MEG to the BOLD signal in the defined subspace should be visualized. A novel method of cross-modal correspondence analysis 
(CMCA) was developed to compare the MEG and fMRI signals. The CMCA was experimentally evaluated intra- and inter-individually on the brain 
activity evoked by somatosensory stimulation. The current application of CMCA focused on the same time window in MEG and fMRI and provided 
the distribution of the representation of the common subspace. 

METHODS

Subject and Stimulation paradigm: Ten MEG (151-channel whole head system, CTF) and five functional MRI data sets (Sigma, GE, 1.5T) were 
recorded from the same subject. The distal phalanges of the right thumb, the right ring finger and the right lower lip were separately stimulated 
(2/sec) during 15-seconds, followed by 15 seconds breaks. The sequence of 30 haptic impulses was delivered by balloon diaphragms. In total 450 
stimuli were presented to each body part. 

fMRI Analysis: The functional dataset consisting of 24 coronal slices (in-plane resolution of 64x64, voxel size 3.1x3.1x5.0 mm, Field of View 20 
cm, TE/TR/u 40/2000/80=B0) were acquired using a spiral protocol. SPM99 [11] was used for further data analysis. All volumes of the functional 
images of each repetition were co-registered to the very first image volume of the first run. Each volume was then transformed to a common 
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anatomical space based on the spatial normalization parameters obtained from normalizing its anatomical volume to the T1 template using SPM99. 
The transformed volumes were then spatially smoothed with 8 mm full-width half-maximum filter. t-statistics (p=0.01) were calculated between the 
signal differences obtained during the resting and stimulated periods.

MEG Analysis: Equivalent Current Dipole analysis. The 625 Hz sampled data were baseline corrected, using a pre-trigger interval of 100 msec, 
200 Hz low-pass filtered and averaged individually for each body part. Single equivalent current dipoles (ECD) were estimated for the first 
prominent peak (35-60ms) for the digits responses and (20-50 ms) for the lower lip responses. Dipole estimations were accepted when the 
approximation error was smaller than 15% as well as when the distance of the source to the mid-sagittal plane was greater than 2 cm. Confidence 
volumes were obtained from bootstrap resampling. Synthetic Aperture Magnetometry.  First a region of interest (ROI) was calculated using the whole 
head shape [12, 13]. For the further calculations only the left hemispheric channels were used. The MEG data were band-pass filtered for the 
following frequency bands 20-30 Hz, 30-60Hz. Pseudo-t values were calculated for each voxel (5 mm voxel resolution) to estimate the difference in 
the signal power for the following time windows: active 0-60 ms, control –60-0 ms. The distributions of the SAM images were overlaid with the 
individual MR images. Permutation tests were performed using the ten repetitions as described by [14]. 

Cross-Modal Correspondence Analysis:  A novel multivariate method, referred as Cross-Modal Correspondence Analysis (CMCA) was 
developed to determine: a) how the task-related signals obtained by the two neuroimaging methods agreed with each other within each voxel; and b) 
how the different frequency bands provided by MEG contributed to the BOLD signals. The correspondence was calculated for three frequency bands 
as a cross-product across all subjects between the unthresholded SAM pseudo t-value in each band and the unthresholded fMRI regression 
coefficients at each voxel (c.f. Fig. 1). Before multiplication, the image for each subject was scaled to its absolute maximum, to eliminate biases from 
different scales in the two data sets. The three correspondence vectors of length equal to the number of voxels formed the rows of the correspondence 
matrix. A singular value decomposition (SVD) decomposed the correspondence matrix into pairs of latent variables. Each pair of latent variables 
consists of a singular image, which is the volumetric representation of weights for each voxel, called brain salience and of weights for each frequency 
band. The first pair of latent variables reflects the most significant pattern of correspondence between the fMRI and the MEG data. The weights 
reflect how each frequency band contributes to the pattern of activity observed by fMRI. The pairs of brain saliences and frequency weights are used 
to visualize the results of the correspondence analysis. 

For statistical analysis, a bootstrap test was applied to the brain salience of each voxel. 
The correspondence volumes for the different frequency bands of SAM were computed for 
each individual measurement (n=10 for the inter-individual and n=5 for the intra-individual 
test). The data were re-sampled with replacement from the sets of multiple measurements. 
For each frequency band the correspondence volumes were averaged across the n samples 
and combined into a correspondence matrix. Subsequently, a SVD was applied to this 
matrix, which resulted in a sample of brain salience. From re-sampling the data 500 times 
the distribution of the brain salience of each voxel was estimated. Only those brain saliences 
that were reliably different from zero as based on the ratio of the estimated salience over the 
bootstrap estimated standard error were accepted for visualization and further analysis. 

RESULTS 

The obtained source coordinates of digit 1, digit 4 and lower lip in SI as determined by 
the ECD, the coordinates of the maxima of pseudo-t values obtained with SAM and the 
maxima of t-values from the fMRI measurements are depicted in Fig. 2. All three methods 
were capable to separate the sources corresponding to the three body-parts. The ANOVA 
revealed significant effects of both factors body-parts (F(2,24)=15.33, p<0.0001) and 
methods (F(2,24)=22.39, p<0.0001). However, the correspondence analysis, shown in 
figure 3, revealed for all stimulated body parts a common neuronal population of SI, with a 
clear somatotopic organization. The CMCA illustrates the spatial concordance of the SAM 
and fMRI activations for the measured SAM frequency bands: 20-30, 30-60 and 60-100 Hz. 

Fig. 1: Analysis steps of the cross-modal 
correspondence analysis. (A) The fMRI t 
values and the SAM pseudo-t values obtained 
from specified frequency bands were 
normalized by the corresponding standard 
deviations (STDEV). (B) The correspondence 
between fMRI and SAM in each frequency 
band was calculated and combined to the 
correspondence matrix. (C) A singular value 
decomposition (SVD) was performed on the 
correspondence matrix, resulting in pairs of 
latent variables (LVs). (D) Steps (A) to (C) 
were repeatedly performed on resampled data 
across the groups to test the significance of 
the brain salience. 

Fig. 2 comparisons of source localizations 
estimated by ECD (blue), SAM (green) and 
fMRI (red) for the SI representations of digit 4 
(triangle), digit 1 (square) and lower lip (circle). 
The symbols represent the mean source 
coordinates in the x– z plane (left) and the y–z 
plane (right) in combination with the 95% 
confidence limits of the mean shown as 
ellipsoids. 
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The SAM frequency weights contributing to the brain salience are shown in figure 4. Manly the brain salience agreed with the overlap of MEG and 
fMRI. Overall, the CMCA locations tended to be in between the peak SAM- and fMRI-activity; mainly more posterior, more inferior and more 
medial as compared to the SAM activity. Additionally, the CMCA yielded new areas not seen in either imaging technique, especially posterior 
parietal cortex (PPC) activity for digit 4 and digit 1. The low gamma-band SAM results showed the highest correspondence with the fMRI, followed 
by the beta- and high gamma-band.  

DISCUSSION 

This study introduced a new procedure to analyze multimodal neuroimaging data to gain both scientific and statistical power by pooling data 
from different modalities. We combined both MEG and fMRI to provide a robust localization estimate and in gross a ‘more realistic representation’ 
or at least a complementary approach of the underlying neuronal representation afforded by both modalities. To proceed in this direction we 
addressed here the questions (1) whether the activity observed from MEG and fMRI represent a common neuronal population, and if so (2) which 
frequency-band obtained by MEG best fits to this neuronal subpopulation. The correspondence images do not display activity in the formal sense, but 
brain regions in which MEG and fMRI best matched. This approach is enabled to detect areas which could not pass the statistical threshold in each 
single modality, even though these areas would agree better with the other modality. Therefore, it was expected that CMCA displays areas in part not 
seen in either single modal analysis; hence, our study could show that, (1) MEG and fMRI in case of SI correspond better than reported in previous 
study. (2) CMCA was able to detect for the repetition study activations in SII and PPC seen only to some extent in MEG or fMRI.

The best correspondence was found for the 30-60 Hz frequency-band followed by the 20-30 Hz and 60-100 Hz frequency-bands. However, 
differences were marginal. Hence, in general the distribution of neuronal oscillatory power changes comprising all measured frequency-bands can in 
general explain relative good the distributed BOLD-signal of following tactile stimulation. 

Fig. 3. Pseudo-t values of SAM and t values of fMRI analysis obtained from repeated measurements (upper and middle rows, 
respectively). The results corresponding to digit 1, digit 4 and lower lip stimulation are superimposed on coronal slices of the individual 
brain. The slices are arranged in anterior to posterior order. Only those voxels are shown that reached the (uncorrected) significance level 
of P < 0.01 fMRI, and P < 0.05 SAM on the basis of a permutation test. The white dots within white circles mark the mean location of the 
individual maxima of fMRI and SAM results (hotspots). Results of CMCA brain saliences applied to the repeated individual 
measurements are shown in the bottom row ( P < 0.01, uncorrected on the basis of bootstrap resampling).

Fig. 4. Bar plots show the 
weights with which a distinct 
frequency band (20 – 30 Hz, 
30 – 60 Hz, 60 – 100 Hz) 
contribute to the SAM – fMRI  
correspondence.
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Figure 1. The relationships between the b factor 
and the signal intensity of diffusion-weighted 
images in (a) the cortex, (b) the corpus callosum, 
and (c) the internal capsule. (AP: anterior-posterior, 
RL: right-left, SI: superior-inferior) 

Magnetic Resonance Imaging of Mean Values and Anisotropy of Electrical Conductivity in the 
Human Brain 

Sekino, M.1, Inoue, Y.2, and Ueno, S.1

1Department of Biomedical Engineering, Graduate School of Medicine, University of Tokyo, Japan 
2Department of Radiology, Institute of Medical Science, University of Tokyo, Japan 

ABSTRACT 

Conductivity distribution in the human brain is difficult to obtain by conventional methods in which currents are applied via surface electrodes. In 
this study, we obtained images of anisotropic conductivity in the human brain using diffusion magnetic resonance imaging (MRI). Diffusion-
weighted images of the brain were acquired by a 1.5 T MRI system using an echo planar imaging sequence. Motion-probing gradients (MPGs) were 
applied with 25 arrayed b factors up to 5000 s/mm2. The fast and slow diffusion components were estimated by fitting a biexponential attenuation 
function to the measured signals. The effective conductivities in each direction were calculated from the fast diffusion components. The mean 
conductivities of the cortex, the corpus callosum, and the internal capsule were 0.10 ± 0.03 S/m, 0.12 ± 0.02 S/m, and 0.08 ± 0.01 S/m, respectively. 
Tissues with highly anisotropic cellular structures, such as the corpus callosum and the internal capsule, exhibited high anisotropy in conductivity. 
The anisotropy indexes in the cortex, the corpus callosum, and the internal capsule were 0.07 ± 0.03, 0.60 ± 0.07, and 0.65 ± 0.05, respectively. 
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INTRODUCTION

Measurements of the electrical conductivity of the human brain are necessary for current source estimations in electroencephalography and 
magnetoencephalography, and analyses of current distributions in transcranial magnetic stimulation. Electrical impedance tomography (EIT), in 
which surface potentials are measured during applications of currents via surface electrodes, has been applied to obtain conductivity distributions in 
living bodies. However, EIT of the brain is difficult because most of the currents do not 
penetrate the skull due to its low conductivity. Moreover, measurements of anisotropic 
conductivities by EIT are difficult, even though the brain has such conductivities. Some 
recently proposed methods use magnetic resonance imaging (MRI) to obtain electrical 
conductivities in biological tissues [Ueno, 1998] [Yukawa, 1999] [Tuch, 1999] [Khang, 
2002]. In a previous study, we proposed a method for estimating anisotropic conductivities 
using diffusion MRI, and obtained conductivity distribution of the rat brain [Sekino, 2003]. 
In this paper, we report on obtaining conductivity distribution of the human brain using this 
method.

METHODS

Measurements were performed using a 1.5 T MRI system (General Electric Medical 
Systems, Milwaukee, MN) equipped with a set of imaging gradient coils (maximum gradient 
strength 40 mT/m, slew rate 150 mT/m/ms). Diffusion-weighted images of five healthy 
volunteers were obtained using an echo planar imaging (EPI) sequence. Motion-probing 
gradients (MPGs) were applied in three orthogonal directions at 25 equally spaced b factors 
from 200 to 5000 s/mm2. The b factor was defined as b = �2G2�2(� – �/3), where � is the 
gyromagnetic ratio (2.7 � 108 rad s–1 T–1), G and � are the respective intensity and duration 
of the MPGs, and � is the interval between the leading edges of the MPGs. Conductivities 
were estimated from the signals of diffusion-weighted images according to the published 
method [Sekino, 2003]. Briefly, for each pixel in the image, the fast and slow diffusion 
components for each MPG direction were obtained by fitting the following function to the 
measured signals: 

� � � � � � � �iiiiii bDfbDfSbS slow,slow,fast,fast, expexp0/ ����     (1) 

where i = 1, 2, and 3 indicates the MPG direction, Si(b) is the signal intensity of the 
diffusion-weighted images, Dfast,i and Dslow,i are the fast and slow diffusion components, and 
ffast,i and fslow,i are the fractions of the fast and slow components. The effective conductivity, 
�i, for the direction i was estimated using the proportionality relation between the 
extracellular conductivity and the fast diffusion component. 
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The following indices, the mean conductivity (MC) and the anisotropy index (AI), were 
defined for evaluations of mean values and directional anisotropy of conductivity: 
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Figure 2. (a)(b)(c) Images of the estimated conductivities in the anterior-posterior, right-left, and superior-inferior directions. (d)(e) Images of the 
mean conductivity (MC) and the anisotropy index (AI). 

RESULTS AND DISCUSSION 

Figures 1(a)(b)(c) show the signal intensities of diffusion-weighted images. The regions of interest were located on the cortex, the corpus 
callosum, and the internal capsule. The signals attenuated with an increase in the b factor. In the corpus callosum, an application of the MPG in the 
right-left direction caused the most rapid signal attenuation. In the internal capsule, an application of the MPG in the superior-inferior direction 
caused the most rapid signal attenuation. The anisotropies of signal attenuations in the corpus callosum and the internal capsule were attributable to 
the fibrous structures of these tissues. Table 1 summarizes the fast and slow diffusion components, the estimated conductivities, and the MC and the 
AI values for each MPG direction. The MC values of the cortex, the corpus callosum, and the internal capsule were 0.10 ± 0.03 S/m, 0.12 ± 0.02 
S/m, and 0.08 ± 0.01 S/m, respectively. In the corpus callosum and the internal capsule, the conductivities exhibited high values in the directions of 
neuronal fibers. These tissues had high AI values in comparison with the cortex. The AI values of the cortex, the corpus callosum, and the internal 
capsule were 0.07 ± 0.03, 0.60 ± 0.07, and 0.65 ± 0.05, respectively. Figures 2(a)(b)(c) show images of the estimated conductivities for the three 
MPG directions. Figures 2(d)(e) show images of the MC and AI values. The ventricles and the surfaces of the gray matter exhibited high MC values. 
The white matter tissues exhibited high AI values compared to the gray matter tissues. 

Conductivity in biological tissues depends on frequency because electric charges in tissues are transferred by multiple mechanisms such as 
migration of ions, capacitance of membranes, and rotation of polar molecules. Low-frequency currents are mainly conducted via migrations of ions 
through extracellular space. The conductivity calculated by our method corresponds to the values at DC or very low frequencies because our 
conductivity model considers only the extracelluar current [Sekino, 2003]. Conductivities of biological tissues in the frequency range of 10 Hz – 100 
GHz can be obtained using Gabriels’ database [Gabriel, 1996] which summarizes directly measured dielectric properties of tissues. This database 
gives conductivity values of 0.089 S/m and 0.058 S/m for the gray matter and the white matter, respectively, at a frequency of 100 Hz, and the 
conductivity values estimated by our method are comparable to these values. 
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  ffast Dfast

(�10–3 mm2/s)
fslow Dslow

(�10–3 mm2/s)
��

(S/m) 
MC

(S/m) 
AI

 AP 0.58 ± 0.04 2.09 ± 0.45 0.42 ± 0.04 0.50 ± 0.11 0.10 ± 0.03   
cortex RL 0.54 ± 0.07 2.46 ± 0.55 0.46 ± 0.07 0.42 ± 0.07 0.10 ± 0.04 0.10 ± 0.03 0.07 ± 0.03 

 SI 0.56 ± 0.05 2.32 ± 0.71 0.44 ± 0.05 0.44 ± 0.09 0.10 ± 0.03   
 AP 0.47 ± 0.08 1.78 ± 0.27 0.53 ± 0.08 0.18 ± 0.06 0.06 ± 0.01   

corpus callosum RL 0.82 ± 0.01 2.95 ± 0.31 0.18 ± 0.01 0.39 ± 0.07 0.21 ± 0.02 0.12 ± 0.02 0.60 ± 0.07 
 SI 0.46 ± 0.05 2.31 ± 0.47 0.54 ± 0.05 0.20 ± 0.02 0.08 ± 0.02   
 AP 0.40 ± 0.04 1.08 ± 0.06 0.60 ± 0.04 0.12 ± 0.01 0.03 ± 0.01   

internal capsule RL 0.44 ± 0.04 1.85 ± 0.20 0.56 ± 0.04 0.19 ± 0.02 0.06 ± 0.01 0.08 ± 0.01 0.65 ± 0.05 
 SI 0.78 ± 0.02 2.22 ± 0.10 0.22 ± 0.02 0.31 ± 0.04 0.15 ± 0.01   

Table 1. Summary of the diffusion and conductivity parameters of the cortex (gray matter), the corpus callosum, and the internal capsule.
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ABSTRACT 

To analyze functional magnetic resonance imaging (fMRI) data sets, physiologically induced signals have to be separated from noise or artifacts. 
Several conventional strategies of signal processing, such as Student-t test and cross correlation, have been tested. We herein propose a couple of 
entropy-based algorithms related to the calculation of information measure: dependent on time and based on mutual information. As a measure of 
extensive information, Shannon entropy was particularly useful for the location of the indicative peaks of event-related fMRI signals. For the block 
paradigms, an alternative approach is presented using generalized mutual information (GMI) as a non-extensive information measure. We interpreted 
the maximum and minimum of the entropies based on the temporal evolution of the probability distribution of the states of the system. 

The volunteers underwent acquisition protocols for typical motor and visual paradigms. The methods were tested on data sets, identifying cortical 
and sub-cortical areas, giving a clear picture of activated brain regions. Also, the results were compared to standard methods. As a result for block 
fMRI data GMI calculation showed the most strict activation map out of the four methods tested. As for event related paradigms, the method we 
developed makes the only assumption that the entropy is organized differently in periods of activation and rest, both entropic analysis methods make 
no assumptions about the shape and timing of the hemodynamic response. 

KEY WORDS 

Information theory, time dependent entropy, mutual information, fMRI, event related paradigms, block paradigms. 

INTRODUCTION

Most used analysis procedures for processing fMRI time series are deterministic methods and statistical tests. Each method has its advantages and 
its drawbacks. Most of the analysis of the time-series generated in such exams is based on a model of specific hemodynamic response function. 
Recently we presented two algorithms based on information theory in their specific implementation to fMRI data either in event related or block 
paradigms [de Araujo, 2003; Tedeschi 2003 ]. 

The first method is applied to event related (ER) data sets. It consists in the computation of the Shannon entropy derived from the image time 
series, generated in typical ER visual and motor paradigms. For the calculation of the entropy dependent on time, one can define the states accessible 
to the system as the amplitude levels of a signal within a time interval (window) centred at time t. The Shannon entropy is then calculated as 
[Shannon,1948]: 

�
�

�
Xx

xpxpXH ))(ln()()(          (1)

where p(x) is the probability that a specific amplitude of the signal belongs to the xth level. The amplitude levels can be defined locally, when they are 
limited by the maximum and minimum values within the window. 

The second method was implemented to be used in block designed experiments. Suppose a block-fMRI experiment where only two states are 
possible: 'on' and 'off'. As a simplification this two state system can be used to compute the respective entropy affording a straight comparison 
between the template stimulus time course and the real signal time course. The BOLD signal, i.e., the voxel time course, is processed in such a way 
that if the signal is greater than the average of the voxel time course it is tagged as 0, and 1 otherwise. The Tsallis entropy [Tsallis, 1998] is guiven by 
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with p(x) denoting the occupation probability of the xth level and q (q �� ) is the Tsallis parameter. For each value of q, a different statistics is 
obtained. Based on this formulation another useful concept is the Generalized Mutual Information (GMI), e.g. [Ymano, 2001], );( YXIq , which is 

the measure of the information that a random variable X has in respect to Y: 
)|()()();( YXHYHXHYXI qqqq ���           (3) 

In order to apply this concept to a block paradigm fMRI, X is constructed by means of the paradigm time course with values 0 for rest and 1 for 
stimulation. The randon variable Y stands for the voxel time course and assumes values 0 and 1 for values under or above the average, respectivelly.  

As a property of the fMRI detection techniques, the slices of a 3D volume are not recorded simultaneously but sequentially. Therefore, the voxels 
of the first recorded slice are expected to have a functional time course that is shifted in time compared to the functional time course of voxels of the 
last recorded slice. This time shift is compensated by calculating the maximum of the results obtained by progressively shifting the stimulus function 
time-point by time-point. In this way also a possible time delay between stimulation onset and stimulus response [Jezzard 2001] is eliminated. 

The motion correction algorithm which is applied right before the functional analysis is explained in detail in [Müller, 2002].

METHODS

To identify cortical and sub-cortical areas sub-serving motor activation and visual-stimulation, 10 healthy subjects, 5 males (4 right-handed, 1 
left-handed) and 5 females (3 right-handed, 2 left-handed), average age was 28.4 years underwent different fMRI studies. The fMRI data were 
recorded on a SIEMENS 1.5T Magnetom scanner of the University Hospital, Ribeirao Preto, SP, Brazil.. The morphological background is supplied 
by a T1-weighted MRI scan (32 slices, 256x256 pixel, slice thickness 4mm, and pixel size 1mm x 1mm). The fMRI study protocol consisted of left- 
and right-handed power grip movements. For block design data, we measured 2 sessions, each containing 135 volumes (32 slices, 64x64 pixel, slice 
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thickness 4mm, pixel size 4mm x 4mm). The sessions were single-hand trials (10 volumes rest - 10 volumes left power grip - 10 volumes rest - 10 
volumes right power grip, etc.) starting in session 1 with the left hand and session 2 with the right hand. For event related data, motor or visual 
activation was elicited for about 3-5 seconds, by the presentation of the specific stimuli. This was followed by a period of rest that varied between 15 
and 20 seconds. Meanwhile, five axial slices, positioned over primary motor or visual areas, were continually acquired. EPI-BOLD image parameters 
were: TR = 1.68 sec, TE = 118 msec, FOV = 210 mm, voxel volume = 1.64 x 1.64 x 4.00mm, and a total number of images per slice = 336, divided 
into 24 epochs of 14 images each. Visual stimulation was performed with a blinking light of approximately 8Hz. 

RESULTS 

Fig. 1a shows the time course of the MR signal, during a single trial experiment, after a brief period of motor activation, in a representative pixel. 
It can be observed that the hemodynamic response peak is followed by an undershoot, returning to baseline after about 18 sec. This signal 
corresponds to the average of 14 images acquired in the 24 epochs. Fig. 1b shows the Time evolution of the Shannon entropy calculated within each 
window. Figure 1c shows a typical activation for the entropic event related analysis, consistent with the results obtained in block designed 
experiments. To complement the result for the analysis method in Fig. 1d the activation map for visual stimulation is shown. 

Activation map for block paradigms data analysis are based on GMI between the voxel time course and the paradigm time course the Fig. 2a 
shows a paradigm time course in comparison to an activated voxel time course whereas the code 0 and 1 were used as amplitude levels in order to 
evaluate the informational entities. In Fig. 2b it is shown the activation map for a motor paradigm using q = 0.75 in Fig. 2.c the activation map of the 
same slice with q = 1.5  

DISCUSSION 

The results from these studies gave support to the hypothesis that fMRI experiments may be consistently analysed by both methods. The 
comparison of the method to other two standard ones (block paradigm and conventional ER analysis) showed a consistent agreement in every 
subject, i.e., statistical significant areas in motor primary and supplementary regions, as well as calcarine fissure, related to V1. 

Method 1 (ER-fMRI). The entropic analysis makes no assumptions about the shape and timing of the hemodynamic response, but only that the 
entropy is organised in a different manner during the two halves of the epoch. This allowed us to perform a cross-correlation between a simulated 
saw tooth function and the entropy time evolution. 

Method 2 (Block fMRI). In comparison to standard analysis techniques the Tsallis entropy reveals most restrictive results. The optimum values 
for q are in the range 0.5<q<0.8 and q � -0.5 as presented here. 
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(a)   (b)  (c)  (d) 
Figure 1. (a) Function that represents the hemodynamic average response 
for a representative voxel during an ER motor paradigm. (b) Time evolution 
of the Shannon entropy calculated within each window. (c) Activation map 
for motor stimulus. (d) Activation map obtained by visual stimulation.

(a)    (b)  (c) 
Figure 2. (a) Representation of a paradigm time course 
compared to a voxel time course with both codifications. (b) 
Activation map for q=0.75 (c) Activation map for q=1.5. 
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ABSTRACT 

Multisensory integration requires the anatomical convergence of multisensory inputs onto single neurons or ensembles of interconnected neurons, 
and some degree of temporal alignment of multisensory inputs.� A previous study showed that the temporal gap of multisensory SOA can modulate 
the levels of response enhancement. Unfortunately, nothing is known about whether the temporal gap can have and influence on the interaction 
latency. This study examined the timing and topography of cortical auditory-visual interactions using event-related potentials (ERPs) during a simple 
reaction-time (RT) task. Visual stimulus onset was earlier (15 ms in the first experiment and 30 ms in the second experiment) than the auditory 
stimulus onset. The result showed, in the right front temporal region, that the interaction latencies of the two experiments are the same. This also 
showed that this interaction latency is not influenced by the temporal gap. The probable reason is that the multisensory cells in this site receive 
converging auditory input then receives converging visual input, or receives afferent connections from other multisensory association areas This 
integrative component causes a downstream consequence of the auditory-visual SOA integration.  

KEY WORDS 

Auditory-visual, Multisensory integration, Latency, SOA, ERPs. 

INTRODUCTION

The possession of multiple sensory systems provides� humans and other species with clear behavioral advantages.� As well as providing a 
framework in which� information from the different modalities can be used� interchangeably, the possession of several senses allows�
multisensory cues to be combined. Such multisensory integration can substantially enhance our ability to detect, locate and discriminate external 
stimuli [1,2,3,4,5]. These multisensory advantages depend on the detection of some� point of commonality between the different sensory� inputs. 
There are two major factors that determine whether different modal cues will be perceived as arising from the� same event, and integrated for 
perceptual gain, are� proximity in time and space [6]. The previous electrophysiological studies in nonhuman primates and other mammals 
[7,8,9,10,11,12,13,14] have shown that sensory cues from different modalities that appear at the same time and in the same location can increase the 
firing rate of multisensory cells in the superior colliculus [2] and cortex [15] to a level exceeding that predicted by summing the responses to the�
unimodal inputs. In contrast, asynchronous and/or spatially disparate multisensory cues can induce a profound response depression. The study by 
positron emission tomography (PET) [16] and functional magnetic resonance imaging (fMRI) [17] had shown that similar indices of multisensory 
facilitation and inhibition are detectable in the human superior colliculus and cortex. 

Despite these advances about the relationship between the temporal gap of multisensory SOA and the levels of response enhancement, the 
question remains about whether the temporal gap can have an influence on the interaction latency. For multisensory integration to occur and for it to 
ultimately lead to distinct perceptual or behavioral effects, information must first converge from the different sensory systems onto individual 
neurons [18,19]. Furthermore, the interaction of unimodal stimuli in multisensory cells can be subjectively predicted� that it is time locked to the 
unimodal stimuli which latest converges sensory input. Unfortunately, interaction latency has been given very little attention. Virtually, nothing is 
known about whether the temporal gap can influence interaction latency. This study tries to make clear it. 

To investigate the neural basis of multisensory interaction, event-related potential (ERP) of the ‘auditory alone’ (A) and ‘visual alone’ (V), 
stimulus conditions were summed (A+V) and compared to the ERP of the simultaneously presented auditory and visual stimuli (AV). If neural 
responses to the auditory and visual inputs were processed in the same way when they were presented simultaneously as when they were presented 
alone then, based on the principle of superposition of electrical fields, AV would be equivalent to A+V. However, if the neural responses to the 
simultaneously presented auditory and visual stimuli interacted during processing, the AV and A+V would diverge (i.e. interaction = AV - (A+V)). 
This method of measuring multisensory processing is valid when neural responses reflect sensory processing unique to the stimulus, and do not 
reflect processes common to all three stimulus types such as target (e.g. the P3) or response (e.g. motor cortex activity) related neural activity [21,22]. 
Several forms of interaction effects have been reported from this comparison�[21,22,23,24,25], the typical investigation had been done by Giard and 
Peronnet. The most robust interaction effect was observed in the right front-temporal region. As this site was not activated by any of the unimodal 
stimuli, the authors highlighted this region as the locus of multisensory synthesis, at least for the integration of recently learned audiovisual 
associations. In this study, we repeated the classic experiment of Giard and Peronnet’s [21], but visual stimulus onset was earlier 15 ms (experiment 
1) and 30 ms (experiment 2) than the auditory stimulus onset. We examined the interaction effect in the right front-temporal region. The result 
showed, in both experiments, the latencies of this integrative component are same, and also demonstrate interaction latency is not influenced by the 
temporal gap�from 15-30 ms. 

METHODS

Subjects: Fourteen right-handed subjects (mean age: 25.3, four females) participated. All were free of neurological disease, had normal hearing 
and normal or corrected to normal vision. 

Stimuli and Procedure: Two “objects” A and B were designed, each of them defined by either visual features alone, auditory features alone, or 
the conjunction of visual and auditory features. Object A consisted of either the deformation of a circle to a horizontal ellipse (stimulus V1) a tone 
burst of 520 Hz at 65 dB SPL (stimulus A1), or the conjunction of the two features (stimulus AV1). Object B was designed similarly, as the 
deformation of a circle to a vertical ellipse (stimulus V2), a tone burst of 800 Hz at 77 dB SPL (stimulus A2), or the conjunction of the two features 
(stimulus AV2) (Fig. 1). The circle had a diameter of 5 cm and was presented permanently on a dark monitor placed 130 cm in front of the subject’s 
eyes, subtending a visual angle of 2.2°. The ellipses were formed by a 30% modification of the length of the horizontal and vertical diameters of the 
circle. The duration of both multisensory stimuli and bi-sensory stimuli is 350 ms (tone bursts including 10 ms of rise/fall times). In experiment 1, 
visual stimulus (of AV stimulus) onset was 15 ms earlier than the auditory stimulus (of AV stimulus) onset. In experiment 2, visual stimulus (of AV 
stimulus) onset was 30 ms earlier than the auditory stimulus (of AV stimulus) onset. 
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Subjects were seated in a dark, sound-attenuating room and were instructed to focus their eyes on the monitor throughout each experimental run 
and press a button with their right index finger on identifying object A (stimulus A1, V1, or AV1) and with their right middle finger on identifying 
object B (stimulus A2, V2, or AV2). The irregular intervals were 1500-3000 ms. 

ERP Recording and Data Analysis: Continuous EEG was acquired from 121 scalp electrodes (impedances < 5 k�), referenced to the both 
earlobe, band-pass filtered from 0.05 to 100 Hz, and digitized at 1000 Hz. The continuous EEG was divided into epochs (-100 ms pre- to 200 ms 
post-stimulus onset) and baseline corrected over the full 300 ms. Trials with blinks and eye movements were rejected off-line on the basis of the 
EOG. An artifact criterion of ±50 V was used at all other scalp sites to reject trials with excessive EMG or other noise transients. EEG epochs were 
sorted according to stimulus condition and averaged from each subject to compute the event-related potential (ERP). Baseline was defined as the 
epoch from -100 ms to 0 ms post-stimulus onset. In addition, ERPs from the auditory-alone and visual-alone conditions were summed for statistical 
comparison with the ERP response to the simultaneous auditory–visual condition. Group-average ERPs for each of the three stimulus conditions and 
the summed auditory and visual alone ERPs were calculated for display purposes and for identification of the auditory N1 and P2 and the visual P1, 
and N1. Button press responses 
to the three stimulus conditions 
were acquired during the 
recording of the EEG and 
processed offline. Responses 
falling between 100 and 800 ms 
post stimulus onset were 
considered valid. This window 
was used to avoid the double 
categorization of a response. 

RESULTS 

We are only interested in the interaction effect in the right front-temporal 
region, so that we only analyzed the data in this site. In this study, we only 
use the data of object A. 

Experiment 1 (SOA 15 ms):   This experiment produced interaction effect 
(p<0.05) began around 110 ms, reached a statistical significance of P<0.01 
between 123 to 139 (Fig. 2). 

Experiment 2 (SOA 30 ms):  This experiment produced interaction effect 
(p<0.05) began around 118 ms, reached a statistical significance of P<0.01 
between 123 to 150 (Fig. 3). 

DISCUSSION 

Multisensory integration requires the anatomical convergence of 
multisensory inputs onto single neurons or ensembles of interconnected 
neurons [18,19], and some degree of temporal alignment of multisensory 
inputs [26]. In both experiments, the visual stimulus onsets are invariable and the auditory stimulus onsets were different so that if the multisensory 
cells in the right front-temporal region received converging visual input then converging auditory input, the interaction latencies of the two 
experiments should have been different. This is reverse to the result. In contrast, when multisensory cells received converging auditory input then 
received converging visual input, the interaction latencies of two experiments were the same. Temporal principles that govern multisensory 
integration revealed that maximal levels of response enhancement were generated by overlapping the peak discharge periods evoked by each 
modality and the magnitude of this enhancement decayed monotonically to zero as the peak discharge periods became progressively more temporally 
disparate  [27]. If the multisensory cells later receiving converging visual input received converging auditory input, the interaction amplitude of 
experiment 1� (SOA=15ms) should have been lower than the interaction amplitude of experiment 2(SOA=30ms).  This is reverse to the result. 
Because of this, we do not have confidence that multisensory cells later receive converging visual input then receive converging auditory input. 

There are multisensory cells that receive afferent connections from multisensory association areas in the right front-temporal region. Although the 
spatial resolution of scalp ERP does not allow us to know which structures are involved, Giard and Peronnet point out that this site was not activated
by any of the unimodal stimuli, so that this interaction effect might have only a relationship with the action of multisensory cells that receive afferent 
connections from multisensory association areas. This action is a downstream consequence of this auditory-visual SOA integration.
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Figure 1. Two objects A and B were devised. 
Each of them was de.ned by either visual (Vi) 
features alone, auditory (Au) features alone, or the 
conjunction of auditory and visual (AV) features. 
Object A consisted in the deformation of a circle 
to an horizontal ellipse and/or a tone of 520 Hz 
and object B, in the deformation of a circle to a 
vertical ellipse and/or a tone of 800 Hz.

Fig. 2. 

Fig. 3. 



P5-2

685

[8] C. Bruce, R. Desimone, C.G. Gross, Visual properties of neurons in a polysensory area in superior temporal sulcus of the macaque, J. 
Neurophysiol. 46 (1981) 369–384. 
[9] J.R. Duhamel, C.L. Colby, M.E. Goldberg,Ventral intraparietal area of the macaque: convergent visual and somatic response properties, J. 
Neurophysiol. 79 (1998) 126–136. 
[10] M.S. Graziano, X.T. Hu, C.G. Gross, Visuospatial properties of ventral premotor cortex, J. Neurophysiol. 77 (1997) 2268–2292. 
[11] M.S. Graziano, G.S. Yap, C.G. Gross, Coding of visual space by premotor neurons, Science 266 (1994) 1054–1057. 
[12] K.Hikosaka, E. Iwai, H. Saito, K. Tanaka, Polysensory properties of neurons in the anterior bank of the caudal superior temporal sulcus of the 
macaque monkey, J. Neurophysiol. 60 (1988) 1615–1637. 
[13] L. Krubitzer, J. Clarey, R. Tweedale, G. Elston, M. Calford, A re-definition of somatosensory areas in the lateral sulcus of macaque monkeys, J. 
Neurosci. 15 (1995) 3821–3839. 
[14] P. Mazzoni, R.M. Bracewell, S. Barash, R.A. Andersen, Spatially tuned auditory responses in area LIP of macaques performing delayed 
memory saccades to acoustic targets, J. Neurophysiol. 75 (1996) 1233–1241. 
[15] Wilkinson, L. K., Meredith, M. A., and Stein, B. E. 1996. The role of anterior ectosylvian cortex in cross-modality orientation and approach 
behavior. Exp. Brain Res. 112: 1–10. 
[16] Bushara, K. O., Grafmann, J., and Hallett, M. 2001. Neural correlates of auditory-visual onset asynchrony detection. J. Neurosci. 21(1): 300–
304.
[17] Calvert GA, Hansen PC, Iversen SD, Brammer MJ, Detection of audio-visual integration sites in humans by application of electrophysiological 
criteria to the BOLD effect, Neuroimage. 2001 Aug;14(2):427-38. 
[18] Meredith MA, On the neuronal basis for multisensory convergence: a brief overview, Brain Res Cogn Brain Res. 2002 Jun;14(1):31-40.
[19] Schroeder CE, Foxe JJ, The timing and laminar profile of converging inputs to multisensory areas of the macaque neocortex, Brain Res Cogn 
Brain Res. 2002 Jun;14(1):187-98. 
[20] Molholm S, Ritter W, Murray MM, Javitt DC, Schroeder CE, Foxe JJ, Multisensory auditory-visual interactions during early sensory processing 
in humans: a high-density electrical mapping study, Brain Res Cogn Brain Res. 2002 Jun;14(1):115-28. 
[21] M.H. Giard, F. Peronnet, Auditory–visual integration during mul- timodal object recognition in humans: a behavioral and electro- physiological 
study, J. Cogn. Neurosci. 11 (1999) 473–490. 
[22] J.J. Foxe, I.A. Morocz, B.A. Higgins, M.M. Murray, D.C. Javitt, C.E. Schroeder, Multisensory auditory–somatosensory interactions in early 
cortical processing revealed by high density electrical mapping, Cogn. Brain Res. 10 (2000) 77–83.
[23] C. Miniussi, M. Girelli, C.A. Marzi, Neural site of the redundant target effect electrophysiological evidence, J. Cogn. Neurosci. 10 (1998) 216–
230.
[24] M.M. Murray, J.J. Foxe, B.A. Higgins, D.C. Javitt, C.E. Schroeder, Visuo–spatial response interactions in early cortical processing during a 
simple reaction time task: a high density electrical mapping study, Neuropsychologia 39 (2001) 828–844. 
[25] S. Supek, C.J. Aine, D. Ranken, E. Best, E.R. Flynn, C.C. Wood, Single vs. paired visual stimulation: superposition of early neuro- magnetic 
responses and retinotopy in extrastriate cortex in humans, Brain Res. 830 (1999) 43–55. 
[26] Seltzer B, Pandya DN, Afferent cortical connections and architectonics of the superior temporal sulcus and surrounding cortex in the rhesus 
monkey. Brain Res. 1978 Jun 23;149(1):1-24. 
[27] Meredith MA, Nemitz JW, Stein BE, Determinants of multisensory integration in superior colliculus neurons. I. Temporal factors, J Neurosci. 
1987 Oct;7(10):3215-29. 



P5-2

686

�������������	����������������������������������������������

�������������������	������
�������������������	������������� ��	��	����������!�����"����#��������������$��%������������

ABSTRACT

���������������������������� ����� ������������������������������������������&���%���#�����	�	��	������������
��������� ������ � ��� ����������� ���%������������������ � ���������������������� �'����������&�������������� ��� � ����� ���������
(�	���������������	���%����������)��'��������������������������������������������������������������%���%���������������%�������
�����	���������	���������������������	������ � �*�������	���� ���+������������ � ���� �	������ ��������������� �����������
��������%������������� �����������������������������*	�����������������%���������������	������ ����������	� �	���� �������
'�������������������������������������������������������	�������	�������������������������������������������������������
����������������������������%���������������%�������+��������,-�������������	������������������%������������

KEY WORDS

���������������������.����%�����������������.����������������.����	���������������

INTRODUCTION

'����� � �	� � ���� � ������ � �������� � �������� � �� � ���/������� � �� � 0- � $& � �� � ���� � �������� � ���������� � ��������� � � �� � �����������
!�������������������������������������������%���������	������/������������1����	�������2--34��������������%��	��������
/�����������������%��������������������������������������������	��	���������	����������	����������%���������%��	�������������
�����������������	������������������������������������*	���������%��#�������%���������������������������������������+��������
���������&����������+�����������%���#�����	�������������������������

METHODS

'������������.���������+���������(�������������)��������������������������������&�������	�����/��������������5����������,-
	����	���������%6���������	������%�������2-.3-����������������������������������	����������������	�3,������72���������2
�����	��������������������������%��������������83������������������������������������ ��������������,-.2-������������
�	�����������������������	���������������	��������������������'���������������������%6�������������+������������������������
���	���%6�������������������%������������������	��	����������%�������	���+����������'�������	���������������������	���������
�	�������������������������������������%��#����%6������������������������#�����	����������������������+����������9����%���#�
����������������������������������'������%���#�����( ��)����������( :�*)�������������%������������������ �������������#��
������������	������������	������#���'������%���#�����������	�����������������%6����	�������������������������������#�����������
�������'���������#.�����	����%6����	������������&���	�����������������������	��6����������(�����������)��	��	����������%��#
�����������������������������������������'���������#.�5*$��	����%6����	��������������������	���������	�������������������
��������� ������������� ��������� � �������� �������� ���#.���� � ��������� ������������ ��� � �������������������� ���#.�5*$�����
���������������������� ���������������������� �'��������������������������99*����,;--�������������������������������������
�������������	�������	��������������	���%6���������� �'���������������������������	���������������������<������(,.0$&)���	���
(0.=$&)�����	�(=.,2$&)��%���(,2.3-$&)����������(3-.7-$&)���������������������������������������������������	���������
��������������������������������	������%�������%���#�����������&���������������.�������.�������8	��������������������
��������������������	�������������

Figure 2. Mean group effect for MEG. X- axis: 4
different tasks. Y-Axis: rel. change of power spectral
density PSD. N=10

Figure 1. Mean group effect for EEG. X- axis:
4 different tasks. Y-Axis: rel. change of power
spectral density. N=10
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Table 1. Correlation r between PSD values of
EEG/EMG and MEG/EMG together with
corresponding significance level p(r) for every
frequency band (leftmost column). Empty fields
indicate non-significant correlations.

EEG/EMG (task- MATH) MEG/EMG (task- EMG)
Freq.Band r p(r) r p(r)

delta 0,9303 < 0.05 0,33
theta 0,9468 < 0.01 0,57
alpha 0,5895 - 0,76
beta 0,9102 < 0.05 0,35
gamma 0,9888 < 0.001 0,81 < 0.05
sum 0,9052 < 0.05 0,16
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Combined MEG and cytoarchitectonic data imaging 
J. Dammers1, U. Barnikol1, S. Wuttich1, F. Boers1, A. Muren1, 1H. Mohlberg, K. Amunts1, K. Zilles1,2, P.A. Tass1,3

1Institute of Medicine, Research Center Jülich, Germany,  
2C. and O. Vogt Institute for Brain Research, Heinrich Heine University, Düsseldorf, Germany, 

3Department of Stereotactic and Functional Neurosurgery, University of Cologne, Germany 

In most MEG and other functional imaging studies the meaning of an activated cortical area is usually interpreted in relation to the surrounding gyral 
and sulcal landmarks. In contrast, previous studies showed that such landmarks do not have a fixed relationship to cytoarchitectonic boundaries [1]. 
Moreover, it is not possible to identify any cortical area from functional imaging or anatomical data alone [2]. In our MEG research group we 
developed a dedicated software to automatically extract strong neuromagnetic activations from the huge amount of time series of reconstructed 
current densities for all voxels. These activation patterns are then mapped onto MRI scans together with so-called probability maps [1] providing 
information about the frequency of a given anatomical area being located at a given position in the stereotaxic space of the reference brain. Such 
maps were derived from cytoarchitectonic analysis of 10 human post-mortem brains that were transferred into the same reference space. Here we 
demonstrate the feasibility of automatically extracted neuromagnetic activity that is mapped together with cytoarchitectonic probability maps. In an 
example of a visual motion task experiment we combine the necessary information from MEG data analysis, gyral and sulcal landmarks and 
cytoarchitectonic boundaries to better understand the meaning of neuromagnetic activations. 
[1] Amunts, K., Malikovic, A., et al 2000. Broadmann’s area 17 and 18 brought into stereotaxic space – Where and how variable? NeuroImage 11, 
66-84.
[2] Roland, P.E. and Zilles, K. 1998. Structural divisions and functional fields in the human cerebral cortex. Brain Res. Rev. 26, 87-105. 

Multimodal Imaging of Object Recognition 
D.M. Goldenholz, S.M. Stufflebeam, L.M. Vaina 

Biomedical Engineering, Boston University, USA. Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General 
Hospital, USA. Brain and Vision Research Laboratory, Boston University, USA 

GOALS: 1) To distinguish between sequential and parallel processing during object recognition. 2) To characterize the general object recognition 
pathway by examining multiple cues for the same shapes. METHODS: Nine adult right handed subjects were trained in recognizing the stimuli. They 
were tested with a 3.0T fMRI and with a 306 channel MEG, with nearly identical stimuli for both modalities. Four different stimuli were presented: 
form-from-motion, moving form-from-luminance, static form-from-luminance, and static form-from-texture. In all four cases, squares and rectangles 
were presented in a random order. Subjects were asked to discriminate between the two shapes. BOLD fMRI signals were used for constraints on 
MEG inverse solutions. Then, the resulting model activity was averaged across subjects, and regions of interest were identified with fMRI. Areas 
examined included presumptive V1, MT, lateral occipital (LO), and fusiform gyrus (FG). PRELIMINARY RESULTS: Lower and higher visual areas 
are active simultaneously during all four tasks, although peak activity of areas do appear to occur in a serial fashion, for example V1, MT, FG and LO 
peak at 63, 286, 303 and 312msecs respectively in form-from-motion. Although differences in timing and maxima exist, all four tasks activated 
similar areas. CONCLUSION:  Object recognition combines parallel and sequential pathways, and specific timing differences exist for different 
forms of presentation for the same objects. 

Sponsored by the MIND Institute and EY-2R01-07861-13 and NSF-SGR 0087198. 
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A comparison of EEG/fMRI and MEG to study spontaneous variations of the �-rhythm 
S. I. Gonçalves1,2, P.J.W. Pouwels1, R. Schoonhoven1, J. P. A. Kuijer1, N. M. Maurits3, E. J. W. Van Someren1, R. M. Heethaar1, J.C. de 

Munck1

1VU University Medical Centre (Dpt. PMT), De Boelelaan 1117, 1081 HV, Amsterdam, The Netherlands 
2Institute of Biophysics and Biomedical Engineering, 1749-016 Campo Grande, Lisbon, Portugal 

3NeuroImaging Centre, Antonius Deusinglaan 2, 9713 AW, Groningen, The Netherlands 

A pilot study is presented where the simultaneous recording of Electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) 
was used and compared to Magnetoencephalography (MEG) in the study of spontaneous variations of the �-rhythm. Data from two subjects were 
acquired continuously while the subjects rested with eyes closed. In the case of EEG/fMRI, data were acquired in two sessions. The temporal 
variations of power in the �-band were then correlated to the BOLD signal. 
For subject 1, negative correlations over occipital and parietal areas were found. Furthermore, these areas were in general agreement with the 
positions of the MEG sources of �-rhythm. For subject 2, session 1 yielded negative correlations over parietal areas whereas session 2 yielded 
negative correlations also over occipital areas. However, for session 1, most �-power was distributed around P3 and P4, whereas this was so for O1 
and O2 in session 2, thus also suggesting different generators. The MEG sources were in general agreement with the results of session 2. The 
negative correlations confirm the generally accepted idea that the presence of �-rhythm corresponds to an idle state of the brain. MEG sources and 
fMRI activated regions show general agreement although there are areas activated in fMRI that are magnetically silent. The results of subject 2 
suggest that activated areas depend on the subject’s arousal state. Therefore, in order to better differentiate states, artefact removal algorithms should 
be improved such that the co-registered EEG can be used for source estimation. 

A Combined EEG MEG fMRI Study of the Cortical Activities Following Pattern Reversal Visual Stimuli 
B. Perfetti1,2, R. Franciotti 1,2,3, S. Della Penna 1,2,3, V. Pizzella1,2,3, C. Del Gratta123, A. Ferretti12, M. Caulo12, A. Tartaro12, GL. Romani 

1,2,3, M. Onofrj 14

1Department of Clinical Sciences and Bioimaging- University ‘G. D’Annunzio’, Chieti, Italy;  2Institute of Advanced Biomedical 
Technologies - Fondazione Università ‘G. D’Annunzio’, Chieti, Italy;  3INFM - GC Chieti, Italy;  4Department of Oncology and 

Neurosciences, Service of Neurophysiopathology – University ‘G. D’Annunzio’, Chieti, Italy 

The principal aim of this combined MEG-EEG-fMRI study which is to highlight the contributions of V1 and V2 areas in the genesis of cortical 
responses to visual stimuli. We recorded the electric, magnetic and BOLD responses in three different sessions (EEG, MEG, fMRI), respectively on, 
fifty, seven and three subjects. The stimuli consisted in pattern reversal vertical bars with different spatial, temporal frequencies (1 and 4 cpd, 2 and 8 
Hz) occupying different regions of the visual field (full-field, upper and lower half field, upper and lower quadrants stimuli). In EEG and MEG 
sessions we recorded three main components (N1, P1, N2) with mean latencies of 70-100-140 ms. From the analysis of the electric and magnetic 
responses it seems that the EEG and MEG have different sensity to the striate and extrastriate cortex activities. We obtained a paradoxical distribution 
of VEPs for the altitudinal stimuli with no inversion of polarity between the condition upper versus lower visual field stimulation thus suggesting a 
contribution of V2 in the genesis of N1, P1 and N2. On the contrary, in the MEG session,  we found the orientations of the dipoles to be in agreement 
with what is predicted by the cruciform model showing a powerful contributions of V1 in generating the three observed components. These results 
suggest that V1 and V2 are active almost at the same time during pattern reversal visual stimulation. To better investigate the role of V1 and V2 we 
used the activations obtained in the fMRI study as seeds for the dipole localizations. Our results confirm the simultaneous activation of striate and 
extrastriate cortex in the genesis of N1, P1 and N2. 
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Multimodal Imaging of Somatosensory Evoked Cortical Activity 
C. Ramon1, J. Haueisen2, T. Richards1, K. Maravilla1

1University of Washington, Seattle, WA, U.S.A.; 2F. S. University, Jena, Germany 

Somatosensory evoked cortical activity was investigated with MEG, EEG, fMRI and fMRS (functional magnetic resonance spectroscopic) imaging. 
Electrical median nerve stimulation was performed in an adult healthy volunteer.  31 channel MEG and 32 channel EEG were recorded over the 
contralateral somatosensory cortex.  A total of 1000 epochs were averaged off line. Single dipole localization based on EEG/MEG data was 
performed with a 3-compartment boundary element model of the head. The structural images, fMRI and fMRS data was collected with a GE Signa 
1.5T system. The fMRI acquisition (EPIBOLD sequence, TR/TE 3000/50 milliseconds) was performed with 30 seconds on and 30 seconds off cycle 
with a 6 mm slice thickness (skip of 1 mm) and 64x64 voxels in the slice. The fMRS data was acquired both with a single-voxel PRESS sequence 
and a multi-voxel technique with the Proton Echo Planar Spectroscopic Imaging (PEPSI) pulse sequence.  The single voxel data was acquired from a 
voxel (20x20x20 mm) at the contralateral somatosensory cortex. The PEPSI acquisition (TR/TE 4000/272 milliseconds) was in a 20 mm axial slice 
that included the somatosensory cortex (both right and left sides) with a 32x32 voxel resolution. The duration of the scans for both on and off 
stimulation conditions of the fMRS data was 4.5 min. An elevated level of lactate consumption measured with fMRS was visible in the same cortical 
area as seen in the fMRI image and also where the EEG/MEG dipolar source was located. This provides a unique way to verify EEG/MEG activation 
area with fMRS and fMRI.  

MEG and EEG compared for pain evoked measurements 
C. Sager, R. Zimmermann 

Institute of Neurophysiology and Pathophysiology, UK-Eppendorf, Hamburg, Germany  

Pain related cortical avtivity was evoked using transient and repeated intracutaneous stimuli. A group of 17 healthy male subjects in the age between 
20-30 yrs has been measured. Cortical activation was monitored using a multichannel biosignal measuring system (31x MEG, 62x EEG). 
Simultaneously recorded MEG and EEG signals were analyzed in the time and source domain. Analysis focused on a timerange between 50 and 
350ms after stimulus onset. This range was devided into an early (50-200ms) and a late interval (200-350ms). Signals were then analyzed using a 
weighted amplitude criterium for the time domain and a combined stability/validity parameter for the source domain. Averaged per-group results 
were evaluated statistically. MEG signals show significantly higher activation during the early interval compared to late MEG and early EEG signals. 
Analogously, late EEG signals show significantly higher activation during the late interval compared to early EEG and late MEG signals. Comparing 
succesful source localizations, the MEG was able to detect significantly more cortical activity than the EEG during the early interval. Within the late 
interval, situation reversed and the EEG reveals significantly more localizations compared to the MEG. Refinements of the used source model do not 
change effects substantially. 



P5-2

691

Retinotopic Visual Responses to Local Stimuli Measured with MEG/EEG and fMRI 
D. Sharon, E. Halgren, R.B.H. Tootell 

Martinos NMR Center, Massachusetts General Hospital, U.S.A. 

We compared visual responses recorded using MEG/EEG and fMRI in order to test the accuracy of the inverse 
solution, with the goal of separating as many of the visually-responding cortical areas as possible. Stimuli were 
designed to evoke in the retinotopic visual areas focal responses as distant from each other as possible, so as to 
maximize the ability of MEG/EEG to resolve them as separate sources. Localized stimuli – high-contrast Gabor 
patches of half-width at half-height of 1.2-1.7 degrees – were presented in the periphery, 5-10 degrees from the center 
of gaze, for 500 ms while the subject fixated. MEG was recorded from 306 channels – 102 triplets of a magnetometer 
and 2 planar gradiometers, and the inverse solution was calculated using a linear minimum norm approach 
constrained by the subject’s cortical anatomy and normalized to the predicted noise. In the example shown in the 
figure the subject viewed stimuli in 3 different locations during MEG recording, and the left column (aMEG) shows 
the resulting anatomically constrained dynamic statistical parametric maps early in the response. The right column 
shows fMRI responses to similar stimuli (in this fMRI recording upper and lower visual field stimuli were presented 
simultaneously, hence only patches ventral to the calcarine fissure should be compared to the MEG response for the 
top row, and dorsal patches for the other rows). The activation pattern in each case is both consistent with the known human retinotopic mapping, and 
similar between the aMEG and fMRI responses. Hence, these 2 independent measures of cortical responses give surprisingly similar spatial 
localization, allowing for detailed study of cortical dynamics in the visual system using this approach.  

Magnetic Source Imaging of interictal spikes compared to SISCOM in presurgical evaluation of epileptic 
patients

D. Thyerlei1, R. Padilla1, N. P. Lopez1, A. N. Mamelak2, F. I. Darvas3, W. W. Sutherling1,2

1 MEG Laboratory, Huntington Medical Research Institutes, Pasadena, CA, USA 
2 Epilepsy and Brain Mapping Program, Pasadena, CA, USA 

3 Signal and Image Processing Institute, USC, Los Angeles, CA, USA 

Presurgical evaluation for epilepsy takes advantage of functional and anatomical imaging. For this study congruence of magnetic source imaging 
(MSI) of interictal spikes (IIS) and changes of blood flow during seizures using subtraction of ictal and interictal SPECT co-registered to MRI has 
been evaluated. MSI was performed on 11 patients with a 68-channel neuromagnetometer. At least 5 unaveraged spikes per patient were fitted using 
single moving dipoles in a sphere. The source localizations were co-registered onto the patient’s MRI. For all patients ictal and interictal SPECTs 
were recorded and SISCOM was performed. The distances between the main focuses of activity were calculated and compared to surgical results (if 
available). SISCOM and MSI coincided in the same lobe in 7 out of 11 cases. Out of the 4 patients with differing results, 1 patient had an aura 
without EEG changes during injection for ictal SPECT, 1 was injected after the ictal EEG-activity had ended and 1 had fast propagating seizures. 
Three out of 4 patients had extratemporal epilepsy (4/7 for matching results). This study shows that focus localizations of interictal MSI and seizure-
related SISCOM coincide well. The localization congruence is worse, when no proper ictal SPECT can be obtained, when the seizures propagate very 
fast, or for extratemporal foci. Both methods can support each other in the evaluation of seizure foci. This work was supported by NIH grants NINDS 
RO1-NS20806, NIHM MH53213, and the Norris, Zeilstra and Bacon Foundations. 
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Event-related fields/potentials in the basal temporal area evoked by Japanese morphogram and 
syllabogram.  A comparative study of MEG and electrocorticogram 

Keiko Usui [a], Takashi Nagamine [a], Akio Ikeda [b], Masao Matsuhashi [a], Jun Matsubayashi [a],  
Yushi Inoue [c], Hiroshi Shibasaki [a,b], Hidenao Fukuyama [a] 

Human Brain Research Center [a], Department of Neurology [b], Kyoto University Graduate School of Medicine, Japan; National 
Epilepsy Center Shizuoka Medical Institute of Neurological Disorders [c], Japan 

An event-related potential (ERP) in response to visual stimuli of letter-strings in alphabet, called N200, has been known to be recorded on subdural 
electrodes implanted on the posterior basal temporal area of the brain. The existence of N200 in non-alphabet language, however, has not been 
reported. In event-related magnetic fields (ERF) studies some components observed in the inferior occipitotemporal area within 200 ms after stimulus 
onset have been associated with letter-strings. There were no studies, however, that investigated the relationship between ERP and ERF. This study 
was designed as to 1) confirm that the existence of N200 in non-alphabet language, such as Japanese morphogram (kanji) and syllabogram (kana), 
and 2) examine the ERF correlative of the ERP. Five patients with refractory mesial temporal epilepsy participated in the study of ERP using 
subdural electrodes. Two normal volunteers participated in ERF study using whole-head 306-channel MEG. Visual stimuli consisting of the same 
number of kanji words, kana words, and pictures, all related to concrete objects, were pseudorandomly presented in the screen in front of the subjects. 
Each stimulus was presented in the central visual field with visual angles less than 7 degrees for 400 ms with inter-stimulus-intervals of 3000 ms. The 
subjects overtly read the words and named the pictures. The same set of visual stimuli was used in ERP and ERF studies. More than 100 epochs were 
averaged in each study. ERP study revealed that kana and kanji words evoked a potential with a peak latency of around 200 ms on the posterior basal 
temporal area. ERF study revealed that kana words evoked magnetic field with a peak latency of around 170 ms in the posterior basal temporal area. 
In conclusion, it was confirmed that N200 is evoked by non-alphabet language and that there exists letter-related ERF correlative of the ERP.  

Cortical Organization and Connectivity from Magnetoencephalography (MEG) and Diffusion Tensor 
Imaging (DTI) Data in Macaque Monkeys and Humans 

J.M. Zumer1, E.A. Disbrow1,2, R.G. Henry1, J.I. Berman1, L.A. Krubitzer2,
L.B. Hinkley2, R.S. Turner1, S.S. Dalal1, K. Sekihara3, S.S. Nagarajan1

1UC San Francisco, CA, USA, 2UC Davis, CA, USA, 3Tokyo Metropolitan Inst. of Tech., Japan 

Our goal is to link imaging of brain organization and connectivity with neurophysiology and neuroanatomy. Here we report the first of a series of 
experiments in macaque monkeys comparing cortical organization and connectivity from MEG mapping and DTI white-matter tractography with 
known organization and connections. We also compared this data with similar imaging data in humans. We identified somatosensory and auditory 
cortex using MEG in three anesthetized macaque monkeys and in four human subjects. High resolution DTI and structural MRI images were also 
obtained. MEG sources were localized with an eigenspace beamformer technique, coregistered with the DTI images, and used as starting points for 
white-matter tracking, performed by the Fiber Assignment by Continuous Tracking method. Primary somatosensory cortex (SI) was localized, from 
the early peak response after mechanical stimulation of digits or lips (latency: ~20ms in monkeys, ~45ms in humans), to the contralateral medial or 
lateral central sulcus, respectively. SI tracts revealed connections with SII and posterior parietal cortex of the same hemisphere. Auditory cortex was 
localized based on the M100 peak (seen at 40ms in monkeys) following onset of a noise burst. Corresponding tracts in the monkey revealed 
connections with the temporal lobe of the opposite hemisphere via the anterior corpus callosum and with bilateral frontal prearcuate and orbitofrontal 
cortex. Auditory connections in humans were similar, and more detailed local and thalamic connections were also observed. MEG source 
localizations are consistent with existing electrophysiological data in monkeys and humans. Monkey DTI data is consistent with neuroanatomical 
data, though less detailed. Human DTI data is comparable to what was observed in the monkey. The monkey data will ultimately be compared to 
neuroanatomical and neurophysiological data obtained from the same animals. 
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A MEG Study on the Event Related Desynchronisation/Synchronisation  of Alpha and Beta 
Rhythms in Human SI and SII Areas 

Della Penna S.1,2,3, Torquati K. 1,2,3, Pizzella V. 1,2,3, Babiloni C.4,5,6, Franciotti R. 1,2,3, Rossini P.M.5,6,7 and Romani G. L. 1,2,3 

1Department of Clinical Sciences and Biomedical Imaging, and 2ITAB, Fondazione Università “G. D’Annunzio”, Chieti, Italy; 3INFM, Gc Chieti, 
Italy; 4Department of Human Physiology and Pharmacology - University "La Sapienza", and 6AfaR CRCCS, and 7Department of Neurology, 

University Campus Biomedico, Rome, Italy; 5IRCCS, Brescia, Italy 

ABSTRACT 

In this MEG study, we investigate cortical alpha/sigma and beta de-synchronization/ synchronization (ERD/ERS) induced by median nerve 
stimulation, to extend previous evidence on different resonant and oscillatory behavior of SI and SII [Narici, 2001], [Hirata, 2002]. We compare the 
temporal dynamics of alpha/sigma and beta rhythms in bilateral SII and contralateral SI. The timing and amplitude of MEG ERD/ERS of the sources 
localized in SI and SII areas are analysed. A 153 channel helmet system is used for MEG recordings and a spectrogram analysis processes data after 
cancellation of phase locked (SEF) and heart signals. We find that the most reactive frequencies for alpha/sigma ERD and for beta ERD and ERS are 
larger for SI than for SII areas. For both alpha/sigma (around 10 Hz) and beta (around 20 Hz) rhythms, the latencies of ERD and ERS are larger in 
bilateral SII than in contralateral SI. In addition, the peak amplitude of alpha/sigma and beta ERS is smaller in bilateral SII than in contralateral SI. 
These ERD/ERS phenomena may reflect the higher order function of SII with respect to SI in terms of a prolonged information processing, in 
accordance with a temporal integration scheme asserting SII as a higher order area than SI. Future studies should evaluate in SII the possible different 
functional significance of alpha/sigma respect to beta rhythms during somatosensory processing. 

KEY WORDS 

Magnetoencephalography; somatomotor rhythms; event related de-synchronization/ synchronization.  

INTRODUCTION

Recent MEG studies have shown that somatosensory stimulation induces modulation of alpha rhythm also over bilateral SII, other than over 
contralateral SI [Narici, 2001], [Hirata, 2002]. In particular, Narici et al [2001] have found a sigma rhythm, within 7-9 Hz frequency range, generated 
over the SII cortex. This rhythm was studied by means of different protocols: a specific peak was detected in the power spectrum density of channels 
above SII area; oscillations at sigma frequency were detected in the SII evoked response following single median nerve stimulation; resonant 
response in SII was detected after train stimuli delivered at the sigma frequency. Another study  reported on some reaction of alpha and beta rhythms 
induced over bilateral SII [Hirata, 2002]. The event–related de-synchronization (ERD) and synchronization (ERS) of the alpha and beta  rhythms 
following somatosensory stimulation have also been comprehensively studied over the primary somatomotor cortex [Hirata, 2002][Nikouline, 2000]. 
In the literature, an ERD is reported to occur immediately after the stimulus as a sign of active cortical information processing. The ERD is followed 
by a ERS especially at beta band as a sign of post-event recovery of oscillatory activity. Over SI, ERD and ERS are bilateral, with a general 
contralateral predominance [Nikouline, 2003]. In our MEG study, we investigated the detailed temporal dynamics associated with the reactivity in 
bilateral SII areas of alpha/sigma and beta rhythms to standard right median nerve stimulation. We then compared ERD/ERS peak values and 
latencies of bilateral SII areas with SI to elucidate distinctive functional properties of SII in the processing the somatosensory information 

METHODS

Current pulses, 100 s in duration, 0.3 Hz in frequency, were delivered at the right median nerve of seven healthy right handed volunteers. The 
magnetic field was recorded by using the MEG system installed at the University of Chieti [Della Penna, 2000] and consisting of 165 dc SQUID 
integrated magnetometers. SEFs were recorded at 1 kHz sampling rate. SEF sources were localized by BESA-Brain Voyager software. A three ECDs 
model was used to fit the SEFs of contralateral SI, contralateral and ipsilateral SII. To obtained ECD raw data, the position and orientation of the 
localized ECDs were held fixed and for each instant of the whole recording, all the sources were active and their amplitude was estimated by 
applying an inverse operator to the instantaneous field distribution on the helmet by means of BESA. Since the time course of phase locked 
physiological signals could mask the non phase-locked power changes [Pfurtscheller, 1999], SEFs were filtered out from the raw data of the 
corresponding ECD. The filter was based on an orthogonal projection, adaptive algorithm [Samonas, 1997]. This algorithm processed each trial, to 
take into account the SEF variability. Following the application of SEF filter, each ECD raw time course was analysed by a short term FFT 
spectrogram. The spectrogram operated on all the trials by using 1024 points time interval, processed by a Hanning window. The spectrogram
window spanned a time interval of about 3200 ms, with 650 ms of pre-stimulus. To compute ERD/ERS time courses of alpha/sigma and beta 
rhythms, the most reactive 2 Hz frequency bands were determined for each subject and for each rhythm by means of a method based on the 
comparison of short time power spectra [Pfurtscheller, 1999]. For the estimation of ERD/ERS time courses in the 2 Hz reactive band,  percentage 
power variations were computed with respect to a baseline power level, obtained as the average power from 580 to 380 ms before stimulus onset. The 
ERD/ERS time courses were averaged over time samples, with a resulting time step of 100 ms [Pfurtscheller, 1999]. The statistical significance of 
results was evaluated by using one- and two-factor ANOVA for repeated measures and Duncan post-hoc test. 

RESULTS 

The averaged time courses of the magnetic field recorded by the helmet system during the right median nerve stimulation exhibited a clearcut 
dipolar pattern over the contralateral SI and bilateral SII areas. For each ECD localized in SI, cSII and iSII, the spectrogram of the activity after 
removal of SEF and heart signals exhibited a depletion and a subsequent enhancement of the power of alpha/sigma and beta rhythms with respect to 
baseline power line after the stimulus onset. The detailed study of the temporal dynamics of alpha/sigma and beta rhythms, computed in the source 
and subject specific reactive bands, yielded the time courses shown in Fig.1 and Fig.2. These ERD/ERS time courses indicated that ERD and ERS 
effects were clearly considerable also for cSII and iSII, other than SI. On average, the ERD/ERS latency of bilateral SII is larger than for SI. In 
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Figure 1.  Time courses of ERD/ERS 
percentage values computed in the alpha/sigma 
band for SI, cSII and iSII sources 

Figure 2.  Time courses of ERD/ERS 
percentage values computed in the beta band 
for SI, cSII and iSII sources 

addition, the ERS value of SI is considerably 
larger than for bilateral SII. For alpha/sigma 
and beta rhythms as well as for ERD and ERS 
separately, one-way ANOVA analysis was 
applied to evaluate any significant difference 
among ECD reactive frequencies. For the 
alpha/sigma rhythm, cSII and iSII reactive 
frequencies for ERD were the same (~9.6 Hz) 
and were smaller (p<0.001) than for SI (~10.4 
Hz). For the beta rhythm, ERD reactive 
frequency of SI (~19 Hz) was larger (p<0.014) 
than for cSII and iSII (~17 Hz). For beta ERS 
reactive frequencies similar results were found. 
The latency of ERD and ERS peaks were 
separately studied by two-way ANOVA 
analysis to evaluate differences among ECDs 
and between rhythms. The ERD latency for SI 
(~260 ms) was smaller (p<0.01) than for cSII 
and iSII (~430 ms). The ERS for the 
alpha/sigma rhythm (~1220 ms) occurred 
always later than for the beta rhythm (~930 
ms). The ERS peak of  cSII and iSII occurred 
about at the same time (~1140 ms), which was 
smaller than for SI (~940 ms). A two-way 

ANOVA was separately applied to evaluate any 
difference among ERD and ERS peak values 
related to ECDs and rhythms. No statistical 
main effect was found on the ERD peak values. 

Conversely, the ERS for SI (~59%) resulted significantly larger (p=0.05) than the ERS for cSII and iSII (~33%). 

DISCUSSION 

The study of the power spectrum density of cSII and iSII activity confirm the occurrence of a specific peak in the alpha/sigma frequency band. In 
addition, for both cSII and iSII, a peak with a smaller amplitude occurs in the beta band. The existence of the two rhythms in the SII areas might be 
supported by their functional role [Pfurtscheller, 1999]. The beta rhythm is slower in SII with respect to SI, and this might be determined by less 
spatially restricted cortical areas involved in the rhythm generation. This hypothesis is also consistent with the rough somatotopy in SII with respect 
to SI [Del Gratta, 2002]. Following standard median nerve stimulation, an ERD and a subsequent ERS both in alpha/sigma and beta bands was found 
in bilateral SII, thus improving the previous preliminary studies on the effect of somatosensory stimulation [Narici, 2001], [Hirata, 2002] on the 
rhythmic response of bilateral SII. A distinctive feature of our study with respect to the previous ones is that SII SEF has been removed from source 
raw data, clearly disclosing an ERD of alpha/sigma and beta rhythms. Our results on ERD/ERS latencies, which were significantly delayed in SII 
with respect to contralateral SI, point towards a functional role for alpha/sigma and beta cerebral rhythms in the frame of a sequential organization 
supporting that processing of the somatosensory information proceeds serially from contralateral SI to bilateral SII. In MEG studies, the high 
temporal resolution (1 ms) associated with the analysis of SEF allowed to detect a serial processing order between cSII and iSII areas, since a delay 
of about 10 to 15 ms was found in the ipsilateral response [Hari, 1993]. Unfortunately, in our study, the temporal resolution of ERD/ERS analysis in 
alpha/sigma and beta bands (50 to 100 ms) simply allowed the comparison between rhythm reactivity in SI and SII. Finally, for both alpha/sigma and 
beta rhythms, the ERS peak amplitude in contralateral SI was significantly larger than in bilateral SII. In the perspective of a hierarchical scheme of 
somatosensory processing, the reactivity of  the two rhythms in SI might be related to the processing of electrical stimulus intensity and duration. On 
the other side, the modulation of the two rhythms in bilateral SII might be determined by simultaneous effects due to attention to stimulation [Mima, 
1998] and sensorimotor  processing [Huttunen , 1996], taking into account the simple and repetitive stimulation protocol we used. This hypothesis is 
consistent with the occurrence of a smaller post-stimulus ERS peak in bilateral SII  for the two rhythms, when compared to the corresponding ERS in 
contralateral SI. These results might be associated with the higher order functions accomplished by SII area in the processing of somatosensory 
information. 
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(a)                                                                 (b) 
Fig.1 Arrangement of pick-up coil for MEG (a), and measurement points for 

bilateral SEF measurements (b). 

3-D Magnetic Measurement of Neuromagnetic Response of Somatosensory Area to Different 
Repetition Frequencies 

B.S. Kim, Y. Uchikawa, K. Kobayashi*, M. Kawakatsu**, and M. Kotani***.

School of Science and Engineering, Tokyo Denki Univ., Japan, Faculty of Engineering, Iwate Univ., Japan*, 
School of Information Environment, Tokyo Denki Univ.**, School of Engineering, Tokyo Denki Univ.***  

ABSTRACT 

A 3-D magnetic measurement of the bilateral somatosensory evoked fields (SEFs) by electric stimulus to the right thumb for four normal subjects 
were carried out, using a three-dimensional (3-D) second-order gradiometer connected to 39-channel SQUIDs, which can detect magnetic field 
components perpendicular to the scalp (Br) and tangential to the scalp (B�, B�) simultaneously. To discuss the relationship between the phase lag and 
stimulus repetition frequency (SRF), the delay time of a component synchronous with the SRFs (1.99 to 27.02 Hz) were calculated by the 
convolution of the reference signal and the SEF wave (BPF: 15-40Hz). The phase lag characteristic to the SRF in the contralateral hemisphere to the 
stimulus was linear in the ranges below 8 Hz and above 8 Hz in all magnetic components. The phase lag characteristic of the ipsilateral hemisphere to 
the stimulus was linear in only below 8 Hz in all components. It was tested for significance of the linear regression slope (��0, P<0.05). 

KEY WORDS 

Contralateral hemisphere, Inter-stimulus interval (ISI), Ipsilateral hemisphere, Somatosensory evoked field (SEF), Stimulus repetition frequency 
(SRF), SI activity, SII activity, Three-dimensional (3-D) magneticencephalogram (MEG).  

INTRODUCTION

Magnetoencephalogram (MEG) measurement of the magnetic field perpendicular to the scalp is widely used for research on brain function. We 
have developed a three-dimensional (3-D) second-order gradiometer connected to 39-channel SQUIDs for vector measurement of the MEG that can 
detect magnetic field components perpendicular (Br) and tangential (B�, B�) to the scalp simultaneously [Kobayashi K., 1999].  

There are a few reports about the phase lag characteristic of the SEF with a variation of the SRF which was defined as a reciprocal of inter-
stimulus interval [Brenner D., 1978], [Kuriki S. 1987]. They showed the phase lag characteristic of the contralateral neuromagnetic responses to the 
SRFs in somatosensory area. An aim of this study is to discuss the phase lag characteristic of the neuromagnetic responses with the SRFs obtained 
from both ipsilateral and contralateral somatosensory area using a 3-D MEG measurement. 

METHODS

Four normal subjects participated in a 3-D MEG 
measurement. The 3-D MEG measurement of bilateral 
SEF with an electric stimulus to the right thumb was 
carried out, using 3-D second-order gradiometers 
connected to 39-channel SQUIDs, Fig.1 shows 
arrangement of pick up coil for MEG (fig.1 (a)) and 
measurement points on a subject’s head (fig.1 (b)). The 
3-D second-order gradiometer is wound with Nb-Ti wire 
on a rectangular solid of 3�3�6cm.The 3-D MEG 
measurement of SEF was done in a magnetically 
shielded room. Black circles in fig.1 (b) show the 
measurement points and C3 and C4 are corresponded to 
ten-twenty electrode system. The SEF was elicited by 
electric pulses of 0.2 ms duration with 3.0 to 6.5 mA to 
the right thumb. The SRF was varied from 1.99 to 27.02 
Hz. The sampling frequency was 1 kHz. And analog 
filter was used in the range from 0.5 to 300 Hz. All 
magnetic data were averaged for 400 measurements at 
each position. Digital filter was used in the range of 15 to 
40 Hz [Kim BS., 2003].  

RESULTS 

Fig.2 shows typical waveforms of the SEFs of Br component measured at both hemispheres (contralateral: F4, ipsilateral: F3 in Fig.1 (b)). The 
timing of current pulse delivered to the right thumb is indicated by black bars below each waveform. The waveform of 1.99Hz of the contralateral in 
fig.2 shows transient waveform having dominant peaks in some latencies. When the SRF was increased, amplitude of the SEFs was decreased and 
the neuromagnetic response became continuous waveform. Continuous waveforms were observed in the SRF of 27.02Hz.  Transient waveform of the 
ipsilateral hemisphere shorter than about 80 ms latency did not appear significant peak comparing with the contralateral hemisphere. When the SRF 
was increased, the waveforms of the ipsilateral SEFs became a continuous as contralateral hemisphere. 

DISCUSSION 

In order to obtain the phase lag characteristic to the SRF, the delay time of a component synchronous with the SRFs (1.99 to 27.02 Hz) were 
calculated by the convolution of the reference signal and the SEFs. Fig.3 shows the relationship between the calculated phase lag and the SRFs, 
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            (a) contralateral                                                           (b) ipsilateral 
Fig.2 Examples of SEF waveforms with the various SRFs (Br component, left panel is 

contralateral hemisphere and right panel is the ipsilateral) 
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Fig.3 Averaged phase lag characteristic of each magnetic component for four subjects (left 
panel (a) is contralateral hemisphere, and right panel (b) is the ipsilateral to the stimulus.

which were averaged in four subjects. In this calculation the SEF waveforms were chosen at the point of F4 (contralateral) and F3 (ipsilateral) in 
Fig.1 (b). The phase lag characteristic to the SRF in the contralateral hemisphere was linear in the ranges below 8 Hz (Br: t1=157.2 �33.0ms, B�:
t1=177.2�6.8ms, B�: t1=188.1�5.2ms) and above 8 Hz (Br: t2=36.5�12.4ms, B�: t2= 42.4�14.5ms, B�: t2=47.2�30.9 ms) in all magnetic 
components. The phase lag characteristic 
of the ipsilateral hemisphere was linear in 
only below 8 Hz (Br: t1=141.1�9.0ms, 
B�: t1=132.1�30.7ms, B�: t1=154.1 
�18.4ms) in all components. These were 
tested for significance of the linear 
regression slope (��0, P<0.05). In above 
the SRFs of 8 Hz (Br: t2=8.5�11.0ms, B�:
t2=5�5.3ms, B�: t2=4.5 �6.5ms) in 
ipsilateral hemisphere, however, it was no 
significance of the linear regression slope. 
It was found that the result of ipsilateral 
hemisphere was caused by SII activity 
[Lueders H., 1983]. And it was also found 
that the result of contralateral hemisphere 
was caused by the activation of 
somatosensory area including both the SI 
activity and the SII activity. Further study 
is necessary to design and make modeling 
of neuromagnetic network to the 
somatosensory area by using a 3-D MEG 
measurement.   
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ABSTRACT 
This magnetoencephalography study explores short-term plasticity phenomena in the primary somatosensory cortex in humans by measuring

rapid changes in finger representation in adult primary somatosensory cortex (SI). Our protocol consists of separate electrical stimulation for finger 
D2 and D5 before, during and after the temporally altered stimuli which consists of webbing  of the fingers from index to little together.  MEG 
recordings during D2 and  D5 stimulations were taking place before the webbing (control condition), while having the fingers webbed, at five times 
every thirty minutes with the fingers webbed, and a final measurement after releasing the fingers. A control measurement was conducted on a 
separate day, with the same duration of the previous day but without the fingers being webbed. Based on previous works, synchronous inputs lead to 
a progressive fusion in the cortical representation. Moreover, experiments on monkeys showed that by surgically connecting two fingers (artificial 
syndactyly), an overlap in the cortical organization of both fingers appeared, even if after a time epoch of several weeks and months. There is 
growing evidence for short-term plasticity in different sensory modalities. In the SI cortex of humans Rossini et al. has showed that after complete 
ischemic anesthesia of fingers D1, D2 and D5, short-term shifts occur in the same area.  Our primary results reveal measurable differences of the 
location of the equivalent current dipole, between the recording sessions, before, after and during the webbing condition with the new positions are 
having a substantial difference from the positions of the control condition for each subject. 

KEY WORDS 

Short-term Plasticity; Somatosensory Cortex; Finger; Neuromagnetic Source Localization; Somatosensory Evoked Fields Reorganization; 
Magnetoencephalography; 

INTRODUCTION

Human brain has proved to exhibit plastic reorganization for different sensory modalities. Long term altered sensory experience or sensory loss 
result in distinct cortical modifications, e.g. alteration in the human representational map in the somatosensory cortex. This representational plasticity 
has been studied in musicians, Braille readers and amputees [1, 2]: all these cases exhibited alterations in their representational maps. However, 
relatively few studies have been devoted to investigate short-term plasticity in humans [Rossini, 1994]. In our approach we investigate rapid changes 
that occur in the somatosensory cortex at the fnger area after webbing digits 2 and 5. Following the effect that has been first studied in monkeys 
[Allard, 1991], we investigate the same effect in humans, seen in syndactuly patients [Mogilner, 1993]  but now investigated in the short time range 
of some hours.   

METHODS

The experimental protocol consists of the following steps: fingers of the volunteer from index (D2) to little finger (D5) are banded together and 
each one is electrically isolated from the other. Every half an hour MEG measurements are conducted with an electrical stimulus applied separately 
on digits D2 and D5. The stimulation aims at localizing the location of each finger in the SI area of representation and has the  following 
characteristics: current pulse of 200 microseconds duration, intensity twice the sensory threshold and stimulation frequency of 0.6 Hz (ISI = 1.5 sec). 
The first one or two MEG measures take place before the webbing of the fingers and serve as a control – baseline condition. 5 consecutive MEG 
measurements take place every half a hour. At the end the fingers are relaeased and after 15 minutes a final MEG measure takes place. The total 
duration of the webbed condition sums up to 4 hrs.  

Six healthy human volunteers participated in this study (3males, ages from 20 -30 years, mean age 26 years). Two of them underwent a second 
day of experiment with the same procdure but witout binding their fingers. The total duration of this experiment equals the duration of experiment 
with the fingers webbed in order to be sure that the changes that we were measuring were not due to normal fluctuations and to explore the 
localization boundaries in a no – webbed condition.   

MEG recordings were conducted in the MEG system operating at the University of Chieti [Della Penna, 2000]. SEFs were recorded with an 1025 
Hz sampling rate and approximately 350 responses were acquired for each finger for each session.  Signals from four indicator coils attached to the 
scalp were used in order to define the exact head position within the sensor helmet. A head cordinate system was defined as well by using a 3D 
digitizer (Pohlemus, 3space Fastrack). For each subject an individual head MRI scan was acquired using an MRI Siemens Magnetom Vision 1.5 T 
being in the same institute. On total 7 recording sessions were carried out for each subject.  

The datasets were visually checked for noisy epochs which were excluded from further analysis. Approximately 300 sinlge trials were then 
filtered between 1 – 150 Hz  and averaged in a time period 50 msec prestimulus and 300 ms poststimulus a baseline was used of  10 – 15 msec post-
stimulus. The SEF sources were estimated using the Equivalent Current Dipole model (ECD), using BESA – Brain Voyager software. The P30m  
wavform was localized and fitted with an ECD. Solutions that accounted for at least 80% of the measured global field varaince were accepted.  

The spatial coordinates of the ECD for every session of the peak response, as well as the dipole’s strength and orientation in space are derived and  
the evolution of the dipole’s location and strength with time is formed. Along with this, the Euclidean distance between the fingers D2 and D5 from 
the ECD locations are evaluated for each session.  



P5-3

698

RESULTS & DISCUSSION 

In this study our aim was to investigate the temporal dynamics of the dipole source which represents the location of the finger in the 
somatosensory cortex. Due to the synchronicity induced by the webbed condition, what one should expect would be the diminishment of the 
euclidean distance (EU) of D2 and D5.  

Our preliminary results indicate significant shifts in the location of the fingers compared with the location of the finger before the webbed 
condition. In finger D2 it is more obvious that these shifts follow certain similar trends in  most subjects. In the first two hours of the webbed 
condition the euclidean distance between the two digits diminished. The over-all trend in all subjects analyzed is that the EU, and the locations of the 
fingers return to their initial value, after releasing the fingers at the last measure which takes place. Comparison between subjects show a common  
trend in the fingers shifts. Our work is in progress in order to further delineate these transient dynamics of the finger representations.  
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ABSTRACT  

The aim of this work was to study the degree of synchronization within the portion of the somatosensory cortex devoted to hand control during 
external sensory stimulation. To this aim, we collected magnetoencephalograhic data from healthy subjects during separate stimulation of their 
thumbs and little fingers. Subsequently, we analyzed these data by means of a “synchronization index”, whose definition we extended to include time 
dependence. The properties of this dynamic synchronization index within the beta [16-32 Hz] and gamma [36-44 Hz] bands suggest that the hand 
representation in humans’ primary cortex follows a frequency coding, in addition to the somatotopic one, for discriminating different districts. Our 
results show that gamma synchronization is higher following stimulation of the thumb than of the little finger. The strength of gamma band 
synchronization appears to work as a code for functional prevalence. Comparative analysis of synchronization index and signal amplitude showed 
that this frequency selectivity regarded the synchrony among activated neurons and their number. 

INTRODUCTION

The human brain function is organized according to a ‘magnification principle’, i.e., larger neuronal districts are used for sensory/motor skills that 
require finer discrimination and control. The human hand is a striking example of this organization: as it plays a key role both in the correct use of 
objects and in communicative and social expressions, its representation uses a prominent portion of the primary somatosensory cortex. The sensory 
inflow from individual fingers recruits contiguous cortical areas along the post-central sulcus, beginning with the thumb laterally to end with the little 
finger medially. However, the neuronal pools responding to the external stimulation are not necessarely concentrated in one single cortical area but 
rather are made of a ‘central’ high density group plus a multitude of sparse low density groups, which can be quite far from each other and are 
connected in various ways. At the stimulus arrival, specific neuronal pools both increase their firing frequency and reset the phase of their pre-
stimulus activity; such phase becomes time-locked both to the stimulus and to the activity of other neurones recruited during the response. These two 
phenomena contribute to modulate the ongoing rest activity: in particular an inhibition is observed between 150-400 ms after the stimulus, and a 
rebound approximately between 500 and 1000 ms. In such a scenario, activity of neurons belonging to the same district is expected to show a high 
degree of coherence, no matter how distant the neurons are from each other. In the present work we have attempted to characterize the dynamics of 
synchrony and amplitude in the cortical areas activated by the external stimulation. To this aim we have used a Hilbert transform based measure to 
study the dynamics of synchronization among signals recorded by different MEG channels. Cortical signals were triggered by separate stimulations 
of the thumb and the little finger, which are respectively the lateral and medial boundaries of the hand representation along the central sulcus. We 
focussed on two frequency bands: 16-32 Hz (beta rhythm), and 36-44 Hz (gamma rhythm) since the beta rhythm is linked predominantly with 
sensorimotor primary cortical activity and the gamma rhythm plays a pivotal functional role in attention and fine sensorimotor task control.  

METHODS

Stimuli and recordings: Magnetoencephalographic (MEG) data were recorded from 10 right-handed healthy volunteers (5 females, 29-35 years 
old, mean age 31±2 years, no signs or history of neurological or other major diseases) during separate electrical stimulation of their right thumb or 
little finger. Brain magnetic fields were recorded from the left rolandic region, i.e., contralaterally to the stimulation, positioning the central sensor of 
the MEG system over the C3 site of the International 10-20 electroencephalographic system and covering a total area of about 180 cm2. Data were 
filtered through a 0.16-250 Hz bandpass and gathered at 1000Hz sampling rate. About 280 single trials were recorded for each of the two stimulus 
conditions.  

Synchronization and amplitude measures: After bandpass filtering the signals in the beta and gamma ranges, we computed the analytic signal of 
the recordings, which is defined as: 

as(t) = s(t) + i hs(t) = A(t) exp[ i��(t)]

where s(t) is the recorded signal and hs(t) is its Hilbert transform. The phase �(t) of the analytic signal is �(t) = arctg[ s(t) / hs(t) ]. We studied the 
analytic signal, constructed through the Hilbert transform, rather than the signal itself, to express separately amplitude and phase of the recorded 
activity, maintaining the same time resolution of the original signal. The phase of the analytic signal allows us to quantify the degree of 
synchronization of a pair of signals s1 and s2 over a time interval T. We can then define a dynamic synchronization  index as: 

2
)(21

2
)(21 ))(-(t)sin())(-(t)cos()( tTtT tttSyn ������ ����

where �1(t) and �2(t) are the phases of the analytic signals corresponding to s1 and s2 respectively. Brackets indicate a temporal average over a time 
interval T centred on t. Syn(t) is a number between 0 and 1: if the two signals remain strictly locked (�1(t) - �2(t) = constant) during T, then Syn equals 
1, whereas if �1(t) - �2(t) varies randomly during T, then Syn tends to zero. Note that Syn is sensitive to the phase only, not to the amplitudes of the 
two signals. The choice of the time interval T depends on the nature of the events whose degree of synchronization  are to be evaluated: it must be 
long enough to include sufficient data for a correct computation, and it must be of the order of typical duration of the events of interest. In our 
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analysis T=50 ms, i.e., the period of a 20 Hz signal (typical period of the � activity). We have used the same T for the two bands. We also defined an 
‘amplitude index’ as the average across the 25 channels of the absolute value of the analytic signal, computed after band-pass filtering. The absolute 
value of the analytic signal results in an all-positive envelope of the original signal, representing the ideal method to reveal amplitude variations both 
in phase and not with respect to the stimuli. 

Statistical analysis: We performed ANOVA of both synchronization and amplitude indexes to investigate their possible dependency on site of 
stimulation, frequency bands and time. To this aim, the ANOVA design for the two parameters (synchronization index and amplitude index) included 
three within-subjects factors: district (i.e., thumb stimulation and little finger stimulation), band (beta, gamma) and time (maximum, inhibition). The 
time windows, referred to as ’maximum’ and ’inhibition’, were chosen as follows: the first is centred on the maximum value of synchronization for 
each subject and lasts 5 ms; the second ranges from 100 to 200 ms after the stimulation. This time interval corresponds to the maximal inhibition of 
the ongoing activity. The analysis was repeated checking only for band and district factors over the time window including the whole 250 ms long 
post-stimulation period. No data transformations were applied since the Kolmogorof –Smirnoff tests on the distributions of data sets for thumb and 
little finger stimulations, both in the beta and gamma bands, at the three time points (maximum, inhibition period, whole period) were always above 
0.200; in particular minimum and maximum values were 0.323 and 0.916, with a mean of 0.576. 

RESULTS 

Our results show that the dynamic synchronization index underwent a strong increase in the gamma band within the first 100ms after stimulation 
of either thumb or little finger. In the beta band, the index showed the same behaviour but with a much less dramatic increase. After the first 100ms, 
the index remained higher than its baseline in the gamma band following thumb stimulation, whereas it became even lower than its baseline in the 
beta band for both stimulations.  In the 100-200 ms time interval after the stimulus, signal amplitudes showed a reduction from the baseline both in 
the beta and gamma bands, whereas the synchronization was higher in the gamma band with thumb stimulation and lower in the beta band with little 
finger stimulation. ANOVA of the synchronization index showed that the factor time was significant: synchronization increased in the two stimulated 
district in the two frequency bands within the maximal response interval, while the increase was clearly less evident during the inhibition period. The 
factor band was also significant, indicating higher mean values of gamma synchronization than beta within both time periods. Moreover, ANOVA 
delivered a weak district effect, indicating that the stimulation of the two districts induced different synchronization levels at both time intervals 
(higher for thumb). The amplitude showed a significant time factor, confirming the well known amplitude behaviour following a sensory stimulation, 
i.e., an  increase during the maximal response period, followed by a period of decrease below the baseline. The amplitude showed also a strong 
interaction time * band, showing that the inhibition was much stronger for beta than for gamma band, while the amplitude was similar in beta and 
gamma bands at the maximal response. Amplitude and synchronization following the two finger stimulations were separately compared in the beta 
and gamma bands, at the time of maximal response and during the inhibition period. The only weakly significant difference appeared during the 

inhibition period, with gamma synchronization higher for thumb than for 
little finger. ANOVA performed on the synchronization indexes and 
amplitudes calculated over the whole time period, delivered band as the 
only significant factor, with stronger significance for synchronization, with 
higher synchronization in gamma than in beta band.  

Fig. 1 Temporal evolution of synchronization index (left) and signal 
amplitude (right) in beta (light blue) and gamma (black) bands, following 
thumb (bold) and little finger stimulation (thin). All values are shown as 
referred to the mean of the 256 points preceding the stimuli. These mean 
values were in the range (0.4-0.6) for synchronization, (80-150) fT in beta 
and (45-80) fT in gamma band for amplitude. 

DISCUSSION 

The results described in this paper suggest that the synchronization of 
neuronal activity taking place within the somatosensory cortex after an 
external stimulation represents a mechanism the brain uses to code 
information relative to that stimulation. The synchronization increase in 
gamma band during the amplitude inhibition was much stronger for thumb 

than for little finger. Amplitudes showed no different effects for thumb than for little finger. Amplitude could be schematized as monotonically 
increasing with both the number of neurons and their degree of synchronization; a similar value of amplitude, paired with higher degree of 
synchronization index, could be interpreted as a smaller number of activated neurons with higher level of synchronization. In our case, this would 
mean that the thumb recruited a smaller number of neurons than the little finger. This suggests that when delivered to two body parts of different 
functional relevance, a sensory stimulation recruits a more tuned neural network within the prevalent than within the lesser representation. An 
increase both of amplitude and synchronization from the pre-stimulus baseline was evident in the time interval immediately following the stimulation 
of either finger (until 50-70 ms): while the amplitude increase was similar in the four conditions (the two stimulations and the two bands), the 
synchronization was higher in the gamma than the beta band for both types of stimulation. This indicates that amplitude and synchronization measure 
different neural response features. In the 100-200 ms post-stimulus interval, a signal amplitude reduction in the gamma band from the pre-stimulus 
baseline was accompanied by an increase of the gamma band synchronization. This indicates the concomitant presence of two effects: a reduction of 
the number of neurons firing within the district’s neuronal pool, and an increase of their synchronization. In the same time interval, the effect was not 
present in the beta band, which instead showed a reduction both of amplitude and synchrony. Our results suggest that the primary cortical hand 
representation in humans uses frequency coding in addition to somatotopic coding for discriminating different districts. The strength of the gamma 
synchronization is suggested to work as a code for functional prevalence, as a prevalent district (thumb) recruits a smaller number of higher 
synchronic neurons tuned in the gamma band, than a non-prevalent one (little finger). 
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ABSTRACT 

A recent fMRI study (Ferretti et al., 2003) evidenced that a painful galvanic stimulation mainly activates a bilateral posterior secondary 
somatosensory sub-region (SIIp), whereas a non-painful stimulation involves a bilateral anterior SII sub-region (SIIa). To extend these evidences, the 
present MEG study investigated the temporal dynamics of the responses of these two SII sub-regions, performing a galvanic median nerve 
stimulation at the motor and the painful threshold to the same subjects previously studied with fMRI. A different temporal evolution was expected, 
according to the different connections conveying tactile and nociceptive signals. Constrains for dipole source localizations were applied according 
with fMRI findings, namely at posterior and anterior SII sub-regions. Our data confirmed that the posterior but not the anterior sub-regions increased 
their activation for non-painful vs painful stimulation. Moreover it was shown that, after the painful stimulation, the two posterior SII sub-regions 
were characterized by similar amplitude and latency of the dipole source activity at the two hemispheres. In contrast, for the anterior SII sub-regions 
statistically significant differences were found during both the stimulation conditions: in the contralateral hemisphere the source activity was greater 
in amplitude and the latency was shorter with respect the ipsilateral hemisphere. This behaviour evidenced a sequential engagement of the two SIIa 
and supported the hypothesis that they are the group of neurons processing non-painful tactile inputs, while the two SIIp processed painful stimuli in 
parallel mode into the two hemispheres, in line with the bilateral functional organization of nociceptive systems. 

KEY WORDS: Somatosensory evoked fields (SEF); Secondary somatosensory area (SII); Pain. 

INTRODUCTION
Spatial organization of the nociceptive and tactile channels in the human somatosensory systems is a matter of debate. It has been suggested a 

functional segregation of SII sub-regions devoted to the processing of nociceptive and tactile stimuli. A recent MEG study [Torquati, 2002] has 
shown a S-shaped plot of the SII responses to electrical stimulations ranging from the sensory to a weak painful level. It was speculated an 
interference effect between two different populations in SII area responding to non-nociceptive and nociceptive stimuli, selectively. Unlikely, the 
spatial resolution of MEG did not allow the discrimination of such closely located neural populations. Evidence supporting this hypothesis has come 
from a magnetic resonance imaging (fMRI) study [Ferretti, 2003], which found two distinct SII clusters of activation in the anterior-posterior 
direction. The posterior SII sub-regions significantly increased their activation as a function of stimulus intensity from non painful to painful levels. 
In contrast, the anterior SII sub-regions activity was not significantly modulated by stimulus intensity. The present MEG study assessed the working 
hypothesis that the activity of such posterior SII sub-regions is characterized by amplitude and temporal evolution in line with the parallel functional 
organization of nociceptive systems [Ploner, 1999][Treede, 2000]. Somatosensory evoked magnetic fields (SEFs) were recorded after non painful and 
painful galvanic median nerve stimulations in the same subjects of the mentioned fMRI study [Ferretti, 2003]. Dipole sources were placed at 
posterior and anterior SII sub-regions as revealed by the fMRIs, to explain the strength of the recorded SEFs.   

METHODS
SEFs recordings were performed in the same eight healthy volunteers (4 males, 4 females; age 19-22; right handed) who participated to the 

mentioned fMRI experiment [Ferretti, 2003]. The general procedures were approved by the local institutional ethics committee and conducted with 
the written informed consent of each subject. Stimuli were electric rectangular pulses, 400 s in duration, with a repetition rate of 0.3 Hz. The 
experimental design included two levels of galvanic stimulation intensity: a motor threshold and a weak painful threshold. During the MEG 
recordings, the subjects were seated inside a magnetically shielded room and were asked to pay attention to the stimuli and their physical 
characteristics (i.e. painful or not painful). Somatosensory evoked fields (SEFs) were recorded at 1 kHz sampling rate using a 165 channel 
neuromagnetic system [Della Penna et al., 2000]. The position of the head with respect to the sensor, before and after each stimulation session, was 
determined by placing four coils on the subject head. The location of the coils and the anatomical landmarks on the subject head were digitized by 
means of a 3D digitizer (Polhemus, 3Space Fastrak). Magnetic resonance images (MRIs) of subjects’ heads were obtained by a Siemens Magnetom 
Vision 1.5 Tesla. To improve the co-registration of MEG results on the high-resolution structural MRI, spherical oil capsules were preliminary 
applied at the anatomical landmarks during the structural high resolution study. For the two stimulation conditions, about 120 artifact-free SEF trials 
were bandpassed (0.16–250 Hz) and averaged in a period of 400 ms including a 100 ms prestimulus time.  

Dipole source analysis was performed by BESA-BrainVoyager software using the homogeneous sphere as head model and the equivalent current 
dipole (ECD) as source model. A model with five ECDs was used to fit the data: contralateral SI (cSI), anterior contralateral and ipsilateral SII (cSIIa, 
iSIIa), posterior contralateral and ipsilateral SII (cSIIp, iSIIp). This model was suggested by the fMRI results obtained on the same group of subjects 
[Ferretti, 2003]. The centroids of the anterior and posterior fMRI activations founded in SII area were used to determine the constraints of the dipoles 
in that area. The distance between the two dipole sources so determined in each hemisphere was bounded and their position allowed changing up to 3 
mm of radius to fit the recorded MEG data. This procedure was applied to take into to account for possible differences from fMRI and MEG source 
location, due to the intrinsic difference of the generator sources identified by the two methodologies. To give reason for the five source model, the 
improvement of the explained variance with respect to the three source model was evaluated. Then, the amplitude and latency of the dipole source 
activity at the SII sub-regions of interest was compared by the two-ways analyses of variance (ANOVAs) for repeated measures.  

RESULTS 
Dipolar surface magnetic fields were observed over the cSI (latency peaks at about +20 ms and +35 ms post-stimulus) and over the bilateral 

parietal operculum above the posterior Sylvian fissure, in a rough correspondence with cSII and iSII (first latency peak at about +80 ms post-
stimulus). Fig. 1 shows, in a representative subject, the fMRI activations after the painful median nerve stimulation which were used as constraints 



P5-3

702

for the placement of the dipole sources in SII. Table 1 reports, for all subjects, the mean Talairach coordinates 
of the five dipole sources (ECDs) fitting the surface SEFs over contralateral SI and bilateral SIIs. It also 
shows the mean values of the dipole source strength (nAm) and the peak latencies (ms) of the source activity 
after the two stimulation conditions. 

On average across subjects, the model with 5 dipole sources (SI, cSIIa, cSIIp, iSIIa and iSIIp), compared 
to the model with 3 dipole sources (SI, cSII and iSII), improved the explained variance by 3% for the non 
painful stimulation and by 10% for the painful stimulation. The first ANOVA, testing the source intensity of 
the posterior SII sub-regions, showed that their response was significantly greater during the painful than non 
painful stimulation (p=0.001). No significant differences were found between the two hemispheres (p>0.5). 
In contrast, the second ANOVA, designed for the amplitude of the response of the anterior SII sub-regions, 
evidenced that the effect on the dipole strength of the increasing level of the stimulation intensity was not 
significant, while the contralateral hemisphere was characterized by a stronger dipole source activity when 
compared to that of the ipsilateral. The third ANOVA design, which tested the hypothesis of a similar peak 
latency of the dipole source activity of the posterior SII sub-regions after the painful stimulation, revealed 
that there was no significant difference in timing (p>0.2) between the responses from the two hemispheres. 
The similar ANOVA for the anterior SII sub-regions showed that a significantly (p=0.006) faster response (on 
average 5 ms) was observed at the contralateral than ipsilateral hemisphere during both the stimulation 
conditions.  

Table 1. Results of the dipole source analysis of surface SEFs 
   

Location (Talairach coord)     Strength       Latency          Location (Talairach coord)       Strength     Latency  
x, mm  y, mm  z, mm      nAm            ms            x, mm      y, mm      z, mm      nAm            ms  

Motor threshold               Painful threshold 
cSI  -35 ± 1      -37 ± 2    48 ± 1      85 ± 13       31 ± 1  -35 ± 1 -37 ± 2  48 ± 1     91 ± 16      31 ± 1 
cSIIa  -43 ± 2   -19 ± 1    15 ± 1     136 ± 23       83 ± 3  -43 ± 2 -19 ± 1  15 ± 1   195 ± 45      83 ± 5 
iSIIa   50 ± 2  -21 ± 2    20 ± 2      37 ±   9       88 ± 3   50 ± 2 -21 ± 2  20 ± 2     73 ± 13      87 ± 5 
cSIIp  -52 ± 2  -29 ± 3    19 ± 2      83 ± 13       79 ± 5  -52 ± 2 -29 ± 3  19 ± 2   112 ± 21      78 ± 6 
iSIIp   49 ± 2  -30 ± 3    21 ± 1      40 ± 10       81 ± 5   49 ± 2 -30 ± 3  21 ± 1     80 ± 17      81 ± 5  

DISCUSSION 

According to a recent fMRI study [Ferretti, 2003], here we hypothesized the existence of a separate representation in SII for the processing of 
non-painful and painful input. The dipoles modeling the response from the two sub-regions in SII exhibited significant differences in strength. The 
posterior dipole significantly increased its response at the higher level of the galvanic stimulation, while the anterior one did not. These observations 
led to the conclusion that the source model applied to the MEG data could successfully disclose the two separate neural sub-regions differently 
sensitive to pain. Thus, the results here presented confirmed and extended previous interpretation by taking advantage of the superior time resolution 
of MEG respect to fMRI. The temporal behavior of the two posterior sub-regions in SII, mainly active during the painful stimulation, showed no 
significant inter-hemispheric differences in latency of neuronal response. Moreover, a similar amplitude of the responses was observed from the two 
hemispheres. This evidenced a parallel triggering rather than a transcallosal transmission, supporting the idea that they are the cortical relay station of 
the skin nociceptive receptors involved by a painful stimulation [Ploner, 1999][Treede, 2000]. Concerning the anterior SII sub-regions, a significantly 
faster and stronger response was observed from the contralateral dipole with respect to the ipsilateral one. This asimmetry strongly confirmed the 
supposition that they are the thalamic projections of non painful tactile input if considering the organization of the tactile system. Indeed it is well 
known [Forss, 1999][Frot, 1999] that the tactile somatosensory system has a serial structure, with SI receiving the peripheral afferents and re-
directing the input to cSII and with iSII receiving input mainly via transcallosal fibres from the opposite SII area [Schnitzler, 2000][Frot, 2003]. In 
the future efforts should be concentrated to investigate possible differences in the response of these two SII sub-regions during tasks involving higher 
functions as sensory-motor integration, learning, and memory. 
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ABSTRACT 

Stimulation of the posterior tibial nerve has been associated with different somatosensory evoked potentials (SEP) recorded along the spine and 
thorax. Aim of this study was to register the corresponding magnetic somatosensory evoked fields (SEF). The right and left posterior tibial nerves in 
9 healthy subjects (5 female) were electrostimulated at the ankles. 10,000 stimuli were applied alternately left and right above motor threshold. For 
the registration of the neuromagnetic fields a 61 channel biomagnetometer (diameter = 32.4 cm) was centered over the spinous process of the 5th 
lumbar vertebral body (L5). After appropriate signal processing, dipolar magnetic fields were detected in seven subjects. For both the left and right 
side of the lower back in each subject, there were two field components with different latencies and localizations distinguishable. The first appeared 
in the channels below L5 with a latency of 16.2 ± 2.4 ms. The second was observable in channels above L5 (latency 22.4 ± 2.9 ms) which remained 
stationary for at least 4 ms. These results reflect the different components of spinal SEPs, described as the dorsal column volley, an ascending 
negative wave along the plexus lumbosacralis and spinal cord, and the N22/P22 complex, a stationary wave with a maximum negativity 5-15 cm 
above the level of the L4 spine. The results show that different spinal components may be registered and differentiated using large array 
biomagnetometers in a single acquisition. 

KEY WORDS 

magnetoneurography; tibial nerve; lumbar spine; somatosensory evoked fields. 

INTRODUCTION

After stimulation of the posterior tibial nerve, somatosensory evoked potentials (SEP) as well as the 
correlating magnetic somatosensory evoked fields (SEF) can be measured not only from the scalp but also at 
different levels along the pathway of the propagating nerve action current. Several studies have been 
performed with respect to the identification of early SEP components following tibial nerve stimulation, 
recorded along the spine, from the thorax and abdomen as well as in the esophagus [Desmedt, 1983] [Seyal, 
1985] [Lee, 1998]. Desmedt et al described a N21 component which was interpreted as the dorsal column 
volley and considered equivalent to the neck N11 of the median nerve SEP. A later complex (N24/P24) was 
related to a horizontal orientated dipole in the dorsal horn. Seyal et al also described two distinct potentials 
following posterior tibial nerve stimulation corresponding to those of Desmedt. The second complex was 
found to be a stationary wave with a maximum negativity dorsally 5-15 cm above the level of the L4 spine 
and was interpreted as a synaptically mediated activity in the dorsal gray of the spinal cord at the root entry 
zone. The limited rostrocaudal distribution of this complex to the upper lumbar and lower thoracic spine was 
confirmed by Lee et al who found evidence for the synaptical dependence of this complex due to the length of 
the refractory period. 

The corresponding magnetoneurographic identification of the dorsal column volley was achieved by 
Mackert and co-workers [Mackert, 1997]. Due to the limited sensor coverage, they did not report the 
simultaneous acquisition of both of the SEP components described above.  Aim of this study was to register 
the magnetic fields corresponding to these components of spinal SEP at different levels of the spine after 
stimulation of posterior tibial nerves. Due to the relatively large diameter of the sensor we used, it was 
possible to cover an area of the back reaching from the lower thoracic spine down to the sacrum which should 
permit the registration of both SEF components in a single acquisition 

METHODS

After obtaining informed consent, we examined 9 volunteer subjects (22-54 years old, 5 female) without 
known neurological deficits. The subjects were seated such that their feet hung freely and with their torso 
bend forward to compensate for lumbar lordosis. Position stability and comfort were achieved by resting the 
upper part of the body on a supporting platform [Hoffmann, 2002]. Right and left posterior tibial nerves were 
transcutaneously electrostimulated at the ankles using a constant current stimulator (SKS-SEP, Fa. 
Lucius&Baer, Geretsried). The stimuli were applied alternately (10000 square wave pulses respectively, 
width: 0.2 ms, interstimulus interval: 106-130 ms, constant current: 9-13 mA, for each subject clearly above 
motor threshold) to enable a reliable intraindividual side-to-side comparison [Mackert, 1997]. Data were 
registered inside a magnetically shielded room (Vakuumschmelze, Hanau) continuously for 20 minutes 
(bandpass 1-800 Hz, sampling rate 2 kHz) using a 61 channel biomagnetometer (Magnes 1300C, 4-D 
Neuroimaging, San Diego) with a concentric sensor configuration (sensor diameter: 32.4 cm; coil diameter: 
28 mm; coil spacing: ca. 38 mm; baseline: 18 mm; intrinsic system noise: 10fT/vHz). The system was 
centered over the spinous process of the 5th lumbar vertebral body in direct contact to the body surface of the 
lower back of the subject. 

After appropriate noise reduction and artifact identification and elimination (e.g. cardiac signals), the 
triggered responses for each posterior tibial nerve stimulation were averaged separately. Each averaged data 
set was DC offset over a 20 ms pre-trigger segment and bandpass filtered (20-300 Hz). RMS pre-trigger noise 
was estimated as 1.6 ± 0.7 fT across subjects. The amplitudes of the components were determined as the 

Fig. 1: SEF between 13.9-22.8ms 
post-trigger in one subject. L5 at • ; 
Isofield step: 1fT; dashed lines: 
negative values. 
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difference between maximum and minimum signal strength in 
the SEFs. Latencies and amplitudes are indicated as mean ± 
standard deviation across the subjects. 

RESULTS 

Dipolar magnetic field distributions which moved upwards 
above the lumbar spine corresponding to the nerve fiber course 
could be found in 7 subjects (Fig. 1). The dipolar magnetic field 
rotated from oblique to parallel orientation with respect to the 
spine. Zero line course on right side stimulation was from lower 
right to upper left and vice versa on left side stimulation. The 
subsequent orientation was similar for both sides. The SEF 
propagated and turned quickly in the lower regions of the back 
(1st component) and remained stationary for at least 4 ms in the 
thoracic part of the back.(2nd component). Furthermore the 
strength of the second  was greater than that of the first (16.7 ± 
6.4 fT vs. 12.5 ± 5.7 fT). In the averaged signal, both compo-
nents were clearly distinguishable in the appropriate channels 
(Fig. 2) with a mean latency of 16.5 ± 2.3 ms for the first and 
22.5 ± 2.8 ms for the second. There were no apparent 
intraindividual differences in left-right latencies (see Table). 

DISCUSSION 

This study documents the possibility to record and identify SEF which correspond to SEP described in the literature. Both the first and second 
component found agree anatomically and functionally with respect to propagation in the ischeatic nerve, plexus lumbosacralis and spinal chord. The 
recording of the first component using MNG has previously been reported [Mackert, 1997] and we were able to reproduce these results using an 
slightly altered study protocol. Furthermore the data also showed the second component described in the literature. Of particular interest is the fact 
that this component remained stationary for approximately 4 ms lending credibility to the concept, put forward by others [Seyal, 1985] [Lee, 1998], 
that this signal reflects synaptic activity. One advantage of the biomagnetometer used in this work is its relatively large area of coverage which 
permitted the recording of these spatially separated component in a single acquisition. On the other hand, its concave recording plane meant that the 
subjects had to be placed in an semi-upright, seated position. This could be disadvantageous when studying patients with back pain who may not be 
able to maintain this position over the roughly 20 minute acquisition time. However, evaluation of half-split data sets led to essentially the same 
results (e.g. gray lines in Fig. 2) indicating that substantial reduction in acquisition times are possible. It must nonetheless be expected that not all 
recordings will produce signals which can be evaluated: in two of the 9 subjects studied here, no valid signal could be found. Low signal amplitude 
and the difficulties in optimizing stimulus strength as well as sensor position with respect to individual anatomy will lead to unsuccessful recordings. 
Further studies both in healthy subjects and in patients will help delineate the clinical potential of the method. 

Table: Latencies and amplitudes of the two components in all subjects with identifiable signal. 
subject latency [ms] amplitude [fT] 

 1st component 2nd component 1st component 2nd component 
 right left right left right left right left 

1 12.7 13.2 18.6 18.6 10.5 11.9 17.4 19.5 
2 14.1 14.1 20.5 20.5 11.6 7.3 18.5 12.8 
3 15.6 16.1 21.0 22.0 26.6 16.5 33.1 25.3 
4 16.6 16.6 22.0 21.0 13.8 17.3 13.0 18.4 
5 17.6 17.1 24.0 23.0 6.7 5.0 8.8 10.5 
6 19.1 19.1 25.9 25.0 9.5 18.9 11.7 17.9 
7 19.5 19.5 26.9 26.4 9.4 10.8 12.3 14.7 
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Fig. 2: Selected channels displaying the first (��) and second (*) SEF 
component after stimulation (S) of the right and left N.tibialis in one subject. 
black line: average over all 10000 stimuli, grey lines: half split averages. 
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ABSTRACT 

The temporal change of somatosensory evoked magnetic fields (SEFs) in the preparatory period was investigated. The SEFs following
stimulation of the right median nerve was recorded, using a 204-channel whole-head MEG system, in nine healthy subjects during a self-initiated 
extension of the right index finger every 5 to 7 s. The preparatory period before finger extension was divided into six sub-periods, from EMG onset to 
4000 ms before movement. The subjects were instructed to concentrate on the movement and not to pay attention to the continuous electrical 
stimulation, and the MEG signals following the stimulation in each sub-period were averaged separately. The equivalent current dipole (ECD) 
locations of N20m, P30m and P60m consistently estimated around the primary somatosensory cortex. The ECD moments for N20m and P60m were 
not significantly changed in any sub-period compared with those in the stationary state. The ECD moment for P30m was significantly smaller 500 ms 
less before the movement than during the stationary state, and 1500 ms or less before the 
movement compared with that during the sub-period from 3000 to 4000 ms before movement. 
Thus, we confirmed that the SEF modulation started at least 500 ms before the movement. Since 
any tactile interference effect (centripetal gating) on SEFs was excluded in the preparatory 
period, these findings suggested that the motor associated cortices attenuated the SEF 
components by a centrifugal gating process. 

KEY WORDS 

MEG; SEFs; self-initiated voluntary movement; gating; primary somatosensory corex 

INTRODUCTION

Somatosensory information is modulated during its path from the periphery to the primary 
somatosensory cortex (SI), a phenomenon termed ‘gating’, and that was observed as the 
attenuation of somatosensory evoked potentials (SEPs) and magnetic fields (SEFs) [Rushton, 
1981; Cohen, 1987; Kakigi, 2000]. The gating phenomenon could occur in two possible ways; 
one was interaction between the given sensory afferents for SEPs/SEFs and the afferent signals 
evoked by the movement, i.e., afferents signals from the muscles, joint and skin (centripetal 
gating), and the other was interaction between the given sensory signals and the efferent signals 
induced by the motor command (centrifugal gating) [Jones, 1989]. 

With regard to the gating phenomenon produced by voluntary movement, modulation of the 
SEP components was found not only during movement [Rushton, 1981] but also just prior to it 
(preparatory period) [Cohen, 1987]. However, it remained unknown when the modulation of 
somatosensory activity started during the preparatory period. Therefore, to resolve this problem, 
we investigated temporal modulation of SEFs during the preparatory period of self-initiated 
voluntary movement. 

METHODS

Nine healthy male volunteers participated (mean age 33.0, range 24-49 years old). The right 
median nerve was stimulated at the wrist. Constant current square wave pulses (duration 0.2 ms) 
were provided, and the intensity was adjusted to produce a slight twitch of the abductor pollicis 
brevis. The interstimulus interval of the stimulation was delivered randomly from 600 to 800 ms. 
An EMG was obtained from the right extensor indicis muscle (bandpass 5-200 Hz), vertical and 
horizontal EOG were also recorded (bandpass 0.1-50Hz). The MEG was recorded with a helmet-
shaped 204-channel magnetometer system (Elekta Ltd, Finland) in a magnetically shielded room 
(bandpass 0.03-300Hz). The signals were digitized at a sampling rate of 995Hz. 

The SEFs were recorded using two sequences. One sequence (Stationary sequence) was 
under the resting condition. In the other sequence (Movement sequence), the subjects performed 
a self-initiated voluntary finger extension (300 trials). They were instructed to repeat the brisk 
movement every 5 to 7 s. This paradigm was fundamentally the same as that for recording the 
movement-related cortical potentials. The subjects were asked to concentrate on the movement 
and not to pay attention to the continuous electrical stimulation. The preparatory period of 
voluntary movement was divided into six sub-periods; EMG onset (0 ms) to –500 ms, –500 to –
1000 ms, –1000 to –1500 ms, –1500 to –2000 ms, –2000 to –3000 ms and –3000 to –4000 ms. 
Since the electrical stimulation for the SEFs was delivered continuously, SEPs were selectively 
averaged for six sub-periods off-line. The analysis time for SEF was 250 ms which included a 
prestimulus period of 50 ms. 

Single equivalent current dipoles (ECDs) of N20m, P30m and P60m were estimated during 
six sub-periods and Stationary sequence. The goodness-of-fit (GOF) of the model was calculated 
and only ECDs explaining more than 90% of the GOF value were used for further analysis. Peak 

Figure.1 ECD moments of N20m, P30m 
and P60m in the Stationary and Pre-
movement sub-periods. ** P<0.01; 
Statistical significance compared with 
Stationary, # P<0.05, ## P<0.01; Statistical 
significance compared with the values for 
the –4000 to –3000 ms sub-period. 
Adopted from Wasaka et al. (2003). 

Pre-movement period
EMG
 onset

-500-1000-1500-2000-3000-4000
(ms)

Stationary

50

40

30

20

10

0

E
C

D
m

om
en

t (
nA

m
)

Pre-movement period

E
C

D
 m

om
en

t (
nA

m
)

EMG
  onset

-500-1000-1500-2000-3000-4000
(ms)

Stationary

50

40

30

20

10

0

**
##

###

Pre-movement period
EMG
 onset

-500-1000-1500-2000-3000-4000
(ms)

Stationary

30

20

10

0

E
C

D
 m

om
en

t (
nA

m
)

N20m

P30m

P60m



P5-3

706

latency, peak amplitude of ECD moment and ECD location within 100 ms after stimulation of the median nerve were compared using one-way 
repeated measured analysis of variance, with the sub-period and the Stationary sequence as the factor. Post-hoc analysis followed by Fisher’s PLSD 
was used for multiple comparisons. The level of statistical significance was set at 5% (P<0.05). 

RESULTS 

All subjects performed the voluntary movement successfully, and clear SEFs were recorded for all of them. The initial upward deflection, N20m, 
peaking at around 20 ms after the stimulation, was followed by a downward deflection, P30m, around 30 ms and a downward deflection, P60m, 
around 60 ms after the stimulation. ECD locations for N20m, P30m and P60m were estimated in the SI contralateral to the stimulated side. 

In the statistical analysis, P30m was significantly attenuated in the Movement sequence, whereas N20m and P60m were unchanged (Figure 1). 
The P30m moment evoked in the 0 to –500 ms sub-period was significantly attenuated compared to that in the Stationary sequence, and the P30m 
moments during 0 to –500 ms, –500 to –1000 ms and –1000 to –1500 ms sub-periods were smaller than that during –3000 to –4000 ms sub-period. 

DISCUSSION 

Evidence of ‘gating’ between the sensory afferent signals and voluntary movement has been reported [Rushton, 1981; Cohen, 1987; Kakigi, 
2000], but the responsible site and the mechanisms remained unclear. Two major mechanisms for gating effects, centrifugal and centripetal gating, 
have been discussed [Jones, 1989]. To separate centrifugal from centripetal gating, we designed the present study, in which the SEFs were recorded 
before movement (preparatory period). Since no afferent signals were evoked by voluntary movement, gating that occurred during the preparatory 
period was considered due to the interaction between the activity for motor preparation and given sensory afferents following electrical stimulation. 

The change in the N20 component of the SEP during the preparatory period was controversial in previous studies. In the present study, the N20m 
dipole moment was unchanged in each sub-period. In contrast, ECD moment for P30m showed a clear and significant attenuation during the 
preparatory period. This attenuation was remarkable just before movement (0 to –500 ms sub-period) compared to the stationary state. Although the 
generator for P30m remains still unknown, the generator was suggested to be some areas in the SI [Hari, 1999; Kakigi, 2000]. To study SEPs/SEFs 
change before voluntary movement, most of previous studies used reaction time task. In our self-initiated movement task, we considered that we 
could exclude the brain activity following the cue and the anticipatory effect evoked by a cue on the motor preparatory brain activity. In study of 
monkeys, the supplementary motor area (SMA) was preferentially activated before a self-initiated movement [Mushiake, 1991]. The activity of SMA 
in this period was also recorded in humans [Ikeda, 1992]. Therefore, SMA activity might be the main factor for the change in P30m during the 
preparatory period in this study. Since motor-related cortices, such as SMA and primary motor cortex, have extensive cortico-cortical connections to 
other cortices such as the SI [Jones, 1978] and possibly other sensory associated cortices, we assumed that the activation of the SMA during the 
preparatory period of self-initiated voluntary movement played an important role in the attenuation of P30m component. We indicated that the motor 
associated cortices attenuated the SEF components by the centrifugal gating process. 
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ABSTRACT 

It is difficult to localize the somatosensory cortex in children under 6 years using magnetoencephalography (MEG) with conventional medium 
nerve stimulation. One main reason is that MEG data recorded from small children have poor signal-to-noise ratio due to small heads and short 
hands. To find a better approach, this study investigated neuromagnetic activities following finger stimulations using spatially filtered MEG.   Four 
healthy children have been studied with a whole cortex MEG system. Electric stimulation was applied to the thumb and the middle fingers with two 
Digital Rings. Two trials were recorded for each hand.  Focal increases of spectral power were localized using spectrogram and synthetic aperture 
magnetometry (SAM).    A clear response at a latency of 21 ms was identified in 3 children (3/4). Dipole modeling localized the somatosensory 
cortex in 2 children (2/4). SAM successfully localized the somatosensory cortex in 4 children (4/4).   Interestingly, the functional region estimated for 
the thumb was significantly larger than that of the middle finger (p < 0.01).    Our results demonstrated that the developed approach could map the 
somatosensory cortex in children ranging in age from 3 to 6. To our knowledge, this is the first report using non-invasive methods to provide 
quantitative data indicating that the functional area of the thumb is larger than the functional area of the middle finger in small children.    

KEY WORDS 

Magnetoencephalography (MEG), somatosensory evoked field, children, middle finger, thumb, synthetic aperture magnetometry (SAM),
spectrogram. 

INTRODUCTION

MEG measurements can be used to noninvasively localize functional regions of the brain.   Somatosensory evoked magnetic field (SEF) is very 
robust and reproducible, making it very useful for pre-surgical evaluation and functional mapping [Xiang, et al, 2003].  SEF is commonly evoked by 
electric stimulation applied to the median nerves.  However, according to our experience, it is very difficult to localize somatosensory cortex with the 
median nerve stimulation for the following reasons: (1) small children under 6 years are generally not cooperative; and  it is difficult to find the 
median nerve.  (2) since small children have smaller heads and shorter hands than those of adults, the MEG data recorded from small children have 
poor signal-to-noise ratio (S/N). To find a better approach, this study used a new method called SAM to volumetrically localize the somatosensory 
cortex. Previous studies have demonstrated that the human thumb is functionally and morphologically different from the other digits, enabling 
capability for a wide range of movements and for precision grasping [Jarvelainen, 2002]. Since SAM has the potential to estimate the three 
dimensional extent of a functional region, it would be very interesting to find out if SAM can quantitatively differentiate the functional areas 
responsible for the middle finger and the thumb in small children. This is particularly important for MEG study in children ranging in age from 3 to 6 
for two main reasons: (1) we may find an objective and quantitative method to investigate the functional development of the brain in children. (2) 
This will be the first study to quantitatively and non-invasively estimate the functional regions in children. 

METHODS

Subjects: Four children (2 girls and 2 boys, aged 3 – 6 years, with a mean age of 4.5 years) were studied. This study has been approved by 
Research Ethic Board (REB) at our hospital. Consent for the study was obtained from each subject’s parent.  Inclusion criteria for subjects were: (1) 
movement and sensation in both hands were normal; (2) child was cooperative. 

Stimuli: A Grass electrical stimulation system (Astro-Med Inc., West Warwick, U.S.A) was employed in the current study. The Grass electrical 
stimulation system had dual outputs (A and B) which allowed us to stimulate the thumb and the middle finger sequentially with a 300 ms difference.  
The electric stimuli were constant voltage square-wave pulses; their duration was 0.3 ms. Digital Ring Electrodes (Medtronic of Canada Ltd., 
Mississauga, Canada) were used to stimulate the thumb and the middle fingers. The stimulation intensity was adjusted to a level where children felt 
itch but not painful.  

MEG Recordings:  A 151-channel whole cortex CTF OMEGA system was used for recordings (CTF Systems Inc., Port Coquitlam, Canada).   
Each primary MEG sensor consisted of an axial first-order gradiometer with a 2 cm diameter and 5 cm baseline.  Gradiometer to gradiometer 
distance was approximately 3.2 cm.  This system included an array of reference sensors, allowing for up to third order spatial gradient environmental 
noise cancellation. MEG measurements were performed in a magnetically shielded room (MSR) with a total system white noise level below 10 
fT/�Hz. The localization of the subject’s head relative to the sensor array was measured using three small coils affixed to the nasion and the pre-
auricular points.   The three coils were simultaneously activated at different frequencies and their positions were determined from their magnetic 
signals.   The system allowed for head localization to an accuracy of 1 mm. Head shape was digitized with Polhemus (Polhemus Inc., Vermont, 
USA). 

Data were recorded with noise cancellation of third order gradients. The sampling rate of data acquisition was 1250 Hz.  Four hundred trials were 
recorded for one session; two sessions were recorded for each subject.   The analysis window was 50 ms before and 200 ms after the stimulus. 

Data analysis:  Six frequency bands including 8-15 Hz, 15-30 Hz, 30 – 60 Hz, 60-120 Hz, 120 – 200 Hz and 200 – 300 Hz were analyzed using 
SAM.   The region of interest (ROI) was set to include the whole brain with a 2.5 mm voxel resolution.   SAM T value were calculated from the 
changes in spectral power in each voxel between the active state (after stimulus) and the control state (before stimulus), and normalized by the 
variance using SAM.     The volume of a functional region was calculated by using a software called magnetic source locator (MSL) [Xiang, 2003].

RESULTS 
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The results of waveforms showed that the first deflection (response) was very reproducible; it was evoked by both the thumb and the middle 
finger stimulations in 3 children (3/4). There was no significant difference between the two sessions in the 3 children. The waveforms following the 
right and left stimulations were very similar.    Two children showed two deflections and one children showed three deflections.  Since the second and 
third responses were not reproducible, this study focused on the first response.  The latency of the first response was 21 � 0.8 ms.   There was no 
significant difference between the thumb and the middle finger in terms of waveform and contour map. Dipole modelling localized the left and the 
right somatosensory cortex in 2 and 3 subjects, respectively (dipole fitting error < 20%).   

The results of SAM analysis demonstrated that the spectral distributions in the frequency bands of 8-15 Hz, 15-30 Hz, 120-200 Hz, and 200-300 
Hz varied among subjects. In contrast, the spectral distributions in the frequency 
bands of 30-60 Hz and 60-120 Hz were reproducible and robust. One focal 
increase of spectral power (activation) was clearly identified in the left and right 
somatosensory cortices in 4 children (4/4).   The most striking finding in this study 
was that the functional region estimated for the thumb was significantly larger than 
that of the middle finger (p < 0.01) in 60-120 Hz bands. The results were found in 
the left and right hemispheres.  

DISCUSSION 

This study has developed an approach to map the somatosensory cortex in 
children ranging in age from 3 to 6. In comparison with the conventional median 
nerve stimulation, finger stimulation is much easier to set up and is more 
acceptable to small children. The results of this study have demonstrated that 
electric stimulation of finger combined with SAM analysis can accurately localize 
the somatosensory cortex in small children, even when the conventional dipole 
based source localization failed. According to our experience, it is very difficult to 
record somatosensory evoked magnetic fields to electric stimulation applied to 
median nerve from children ranging in age from 3 to 6 years due to that the small 
children cannot tolerate and/or keep still while his or her median nerve is 
stimulated. To solve this problem, we tried finger stimulation using digital ring 
electrode. Our results have demonstrated that the newly developed approach could 
clearly localize and delineate the somatosensory cortex corresponding to the thumb 
and the middle finger. We consider this result is very important for the promotion 
of the clinical application of MEG in functional brain mapping in paediatrics. 

Quantitatively measuring brain functional areas corresponding to the thumb 
and the middle finger have not been reported, particularly in children ranging in 
age from 3 to 6 years. The most important finding in this study is the extent of the 
reconstructed functional region of the thumb and the middle fingers.  The 
neuromagnetic difference between the thumb and the middle finger has been noted 
in adults [Jarvelainen, 2002], however, this is the first volumetric study. This study 

used a systematic approach in visualizing and quantitatively measuring the three-dimensional neuromagnetic activation (Figure 1).   The results are 
very interesting and important for two main reasons: (1) this study has gone beyond using MEG for merely localizing functional areas and our data 
have demonstrated that the methods could quantitatively describe the volumetric characteristics of two functional regions.  (2) To our knowledge, this 
is the first non-invasive study showing the volumetric differences between the thumb and the middle finger in children ranging in age from 3 to 6 
using MEG. Therefore, we consider this study has provided a new approach to investigate the   development of the functional regions in children.   
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Figure 1. Waveforms, contour maps and SAM images 
from a representative child following electric stimulation 
applied to the thumb and the middle finger.  There   is no 
significant difference between the thumb and the middle 
finger in terms of waveform and contour map. However, 
the extent of the reconstructed functional region of the 
thumb is significantly larger than that of the middle 
finger. 
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Cortical representation of dermatomes: MEG-derived maps recorded after tactile stimulation 
E. M. Castillo and A. C. Papanicolaou 

Vivian L. Smith Center for Neurologic Research, Department of Neurosurgery, University of Texas Houston, Medical School. 

Mechanical stimulation of skin receptors is known to evoke cortical responses arising from the somatosensory cortex. To date, neuromagnetic studies 
of cortical representation of dermatomes following tactile stimulation are a few due to methodological limitations (i.e., poor signal to noise ratio after 
mechanic stimulation). In the present MEG study, we tested a new device for tactile stimulation of dermatomes and recorded somatosensory evoked 
responses after stimulation of sacral (S1), lumbar (L3), thoracic (Th7) and cervical (C4) dermatomes in 3 healthy volunteers. Measurements were 
repeated in order to test the replicability of the results.  
The topography and temporal dynamics of cortical responses derived after stimulation of each dermatome are described. We found that cortical 
evoked responses can be reliably recorded using MEG when enough skin receptors are stimulated for each dermatome. The MEG-derived individual 
maps of activation confirmed the somatotopic arrangement of the representation of dermatomes and the utility of MEG recordings to disentangle the 
interactions between primary and secondary sensory cortex during somatic perception.  

Watching possible and impossible movements of biological stimuli: a MEG study 
Marcello Costantini 1, Gaspare Galati 1 3, Stefania Della Penna 1, Vittorio Pizzella 1, Francesco Cianflone 1, Raffaella Franciotti1, Gian 

Luca Romani 1, Salvatore Maria Aglioti 2 3

1 Dipartimento di Scienze Cliniche e delle Bioimmagini, Università “G. D’Annunzio”, Chieti. 
2 Dipartimento di Psicologia, Università di Roma "La Sapienza" 

3 Centro Ricerche di Neuropsicologia, IRCCS, Fondazione Santa Lucia, Roma 

Single cell recording studies have shown the existence in the monkey premotor area of a particular class of bimodal visuomotor neurons (called 
mirror) that increase their firing rate both when the animal performs specific hand actions (e.g. grasping an object) and when it observes another 
human or monkey agent, performing the same or a similar action. Thus, these neurons may subserve the capability of individuals to recognise actions 
made by others. This discovery suggests a fundamental role of frontal areas not only in action execution but also in action understanding. Functional 
neuroanatomy studies hint at the existence in humans of a  ’mirror’ system similar to that described in monkeys. The activation of such a resonance 
system for movements may imply that observing an action is linked to mental re-enactment of the very same action. We investigated somatosensory 
evoked fields (SEFs) following electrical stimulation of the right median nerve in healthy subjects, while subjects carefully observe, without a specify 
strategy, videoclips depicting moving stimuli namely, possible or impossible abduction-adduction movements of the finger of the right hand. Each 
videoclip was followed by static images. The range of angular displacements of the finger, defined whether the movement was bio-mechanically 
possible or impossible. These conditions were compared with a rest condition. The present study has as main aims: i) to confirm any changes of 
somatosensory evoked fields during the mere observation of movements ii) to explore difference responce between bio-mechanically possible or 
impossible movements observation. Preliminary results suggest a different pattern of activity regarding the plausibility or implausibility of 
movements observed. These findings have implications for a better understanding of the machinery underlying action recognition in humans. 
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Imaging Cerebellar Activity Using Spatially Filtered Magnetoencephalography 
C.L. Dockstader 1, W.C. Gaetz 2, R.Tannock 1, D. Cheyne 2

1Brain and Behaviour Research Program, Hospital for Sick Children, Toronto, ON 
2 Neuromagnetic Imaging Lab, Hospital for Sick Children, Toronto, ON  

To study the role of the cerebellum in somatosensory evoked responses we recorded neuromagnetic activity during electrical stimulation of the right 
and left median nerve in 4 subjects using a whole-head MEG system.  We used a novel application of a minimum-variance beamformer algorithm 
(synthetic aperture magnetometry) by computing spatial filters from the single trial data (n = 600).  We applied the filter to the average responses 
time locked to median nerve stimulation to create high resolution (2 mm) three-dimensional current source images over time.  These images were 
superimposed on each subject’s MRI using dipole fits to the N20 median nerve responses to confirm coregistration accuracy.  SAM analysis 
demonstrated consistent localization of activation to the anterdorsal vermis of the cerebellum in all subjects at a latency of 20 msec following median 
nerve stimulation.  This latency coincides with the latency of primary somatosensory cortex (SI) activation in median nerve stimulation.  Using the 
same paradigm, Tesche and Karhu (1997) [1] demonstrated cerebellar activity preceding activation of SI, indicating the cerebellum may play a role in 
communicating sensory information to the cortex.  Our results indicate that cerebellar activity coincides with SI activation and therefore does not 
represent neural activity of an ascending cortical pathway but likely reflects simultaneous input to the cerebellum from subcortical structures.  These 
results indicate that beamformer based spatial filter methods such as SAM can be used to localize temporally discrete cerebellar activity produced by 
median nerve stimulation. 
[1] Tesche, C.D., Karhu, J. 1997.  Somatosensory evoked magnetic fields arising from sources in the human cerebellum.  Brain Research 744, 23-31. 
Supported by grants from NIMH  to R.T. and CIHR to D.C. 

Tactile Stimulation Induces Somatotopically Organized Oscillations in SI and MI 
W. Gaetz1, K. D. Singh2, D. Cheyne1

1 Neuromagnetic Imaging Lab, Hospital for Sick Children, Toronto, Ontario Canada 
2 Wellcome Trust Laboratory for MEG Studies, Neurosciences Research Institute, Aston University UK.  

Oscillatory activity at mu (8-15 Hz) and beta (15-35 Hz) frequency bands are a characteristic feature of the sensorimotor cortex.  Movement planning 
and execution generally result in an event related desynchronization (ERD) followed by an event related synchronization (ERS) upon movement 
termination.  Most studies of ERD/ERS involve voluntary movements or median nerve stimulation which may confound motor events and sensory 
activity.  Much less is known about ERD/ERS using tactile stimuli alone.  We applied the synthetic aperture magnetometry (SAM) spatial filtering 
method to localize these rhythms following tactile stimulation.  Neuromagnetic activity (CTF Systems Inc.) was recorded from 11 adult subjects.  
Brush stimuli were applied separately to the index finger, medial right toe and lower right lip.  SAM differential images of mu and beta band source 
power were created for periods of ERD/ERS relative to pre-movement baseline activity, spatially normalized and averaged over all subjects using 
SPM-99.  Mu ERD was localized to the contralateral somatosensory cortex, and was organized somatotopically.  Mu ERS was variable over subjects, 
however beta band ERD/ERS showed robust activity for each subject and brush condition.  Beta ERD was localized to sensory cortical areas and 
organized somatotopically in SI.  Beta ERS was observed to be organized motorotopically in MI.  Lip and toe stimulation also produced co-activation 
of bilateral motor hand areas for all subjects.  These findings demonstrate that tactile stimulation modulates the spontaneous rhythmic activity 
observed from specific areas of SI and MI cortex.  
Supported by the Canadian Institutes of Health Research (MOP 64279) and NSERC (184018-02).   
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Identification of the eloquent motor cortex using magnetic resonance axonography, MEG and fMRI 
Kyousuke Kamada, Fumiya Takeuchi, Shinya Kuriki, Akio Morita, Takaaki Kirino  

Department of Neurosurgery, The University of Tokyo; Research Institute for Electronic Science, Hokkaido University, Sapporo, 
Hokkaido University, Sapporo, Japan 

Object. To quickly and correctly identify the primary motor area (PMA), we used MR axonography including anisotropic diffusion-weighted
magnetic resonance imaging (ADWI) and three-dimensional anisotropic contrast (3DAC), which is expected to visualize the corticospinal tract 
mainly originated from the PMA.  Methods. All studies were performed on 10 normal volunteers and on 17 patients with a brain tumor affecting the 
central motor system. Data sets of ADWI, anatomical and functional MRI (fMRI) with simple hand movements were acquired. Off-line processing of 
3DAC was subsequently done to extract only the anisotropic components of the tract fibers. Somatosensory evoked magnetic fields (SEFs) and 
intraoperative cortical somatosensory evoked potentials (SEPs) were recorded with electrical stimulation of the median nerve. Conclusions. In 
normal subjects, ADWI, 3DAC, fMRI and MEG consistently localized the PMA in both hemispheres. In contrast, fMRI and SEFs were failed to 
identify the PMA in 7 and 1 of 17 patients, respectively, because of cortical dysfunctions due to brain tumor. ADWI data acquired within 30 seconds 
without any patient tasks, successfully identified the PMA in 13 patients, and failed in five patients due to the lesions involving the frontal lobe. The 
anisotropic axonal components were distinctly visualized on 3DAC and indicated the PMA location which was confirmed by intraoperative SEPs in 
all 17 affected hemispheres. Swift and non-invasive PMA identification by a rapid scanning of MR axonography is a promising method for routine 
clinical use and is beneficial especially for the patients who have severe cortical dysfunction in the PMA. 

Intensity Effect of Human Somatosensory Evoked Fields Following Passive Movement of the Index 
Finger

M. Matsuhashi*, T. Nagamine, T. Mima, H. Fukuyama, H. Shibasaki*  
Human Brain Research Center, Kyoto University School of Medicine, Japan 

* Currently: Human Motor Control Section, Medical Neurology Branch, NINDS, NIH, USA  

Objective: To elucidate the effect of stimulus intensity to human somatosensory cortex activity by passive movement. Methods: We used a device to 
apply brisk and precise index finger flexion movement passively with minimal interference to magnetic recording of 13 healthy adults. The subject’s 
right index finger was passively flexed with various angular velocities and magnitudes intermixed (15 degrees flexion in 30 ms, 50 ms, 80 ms and 
120 ms, 9 degrees in 50 ms and 23 degrees in 120 ms) at random intervals.   Magnetic evoked fields were recorded by first-order gradiometers for 
each movement parameter.  The mechanical artifacts of the averaged field were eliminated from the recorded data off-line by applying principal 
component analysis. For event-related desynchronization (ERD) analysis, data were18—24 Hz band-pass filtered and rectified before average. 
Averaged evoked field and ERD were measured as root-mean-square of the values at sensors covering the left primary somatosensory area. Results:
The early peaks of evoked field were observed at around 35 ms and 60 ms after the movement onset. The later peaks were observed at around 80 ms 
after the stoppage of movement. The amplitude of both early and late peaks significantly correlated with the movement velocity, but not with the 
movement magnitude. The ERD was observed at 100 to 400 ms after the motion onset. The peak amplitude of ERD was significantly correlated with 
movement magnitude, but not with the velocity. Conclusion: Evoked field amplitude and ERD are differentially activated by the velocity and 
magnitude of passive motion. 
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Comparison between the somatosensory evoked magnetic field and potential following passive wrist 
movements

T. Mima, T. Nagamine, S. Yazawa, K. Toma, T. Kunieda, H. Fukuyama,H. Shibasaki 
Human Brain Research Center, Kyoto University Graduate School of Medicine, Kyoto, JAPAN 

To investigate the cortical representation of joint movement sense in human, we simultaneously recorded the EEG and MEG responses following the 
brisk passive movement of the right wrist in 10 normal volunteers using a whole-head planar-type magnetoencephalogram. Passive movements were 
generated by the specially equipped non-magnetic system which is driven by a servo motor outside the shielded room. Three types of movements 
with different velocities (4, 8 and 12 degrees in 100 ms) were presented in separate sessions. In accordance with our previous study [1], 3 component 
of SEP were recorded; the positive potential at the contralateral sensorimotor area (P1) at 50 ms, the negative potential at the mid-frontal area (N1) at 
53 ms and the positive potential at the parietal area (P2) at 56 ms. Amplitudes of N1 and P2 but not P1 were significantly affected by the movement 
velocities. The initial SEF components were observed at 57 ms, and their generator sources were localized at the contralateral postcentral gyrus. The 
dipole moments of SEF were linearly correlated with the movement velocities. These findings suggest that the initial cortical response to passive 
movement may be associated with the radial generator source which can be recorded by SEP but not by SEF, and that the second component which 
reflects the movement velocities (N1/P2 of SEP) might involve the tangential generator and be detected by SEF.  
[1] Mima, T., Terada, K., Maekawa, M., Nagamine, T., Ikeda, A., Shibasaki, H. 1996. Somatosensory evoked potentials following proprioceptive 
stimulation of fingers in man. Exp. Brain. Res. 111, 233-245. 

EEG and MEG responses following stimulation of unmyelinated C fibers 
Yunhai Qiu, Koji Inui, Tuan Diep Tran, Xiahong Wang, Ryusuke Kakigi  

Department of Integrative Physiology, National Institute for Physiological Sciences, Okazaki, Japan;  

Cerebral processing of first pain, associated with Adelta-fibers, has been studied intensively, but the cerebral processing associated with 
unmyelinated C-fibers, relating to second pain, remains to be investigated. This is the first study to clarify the primary cortical processing of second 
pain by magnetoencephalography (MEG), through the selective activation of C-fibers, by the stimulation of a tiny area of skin with a CO2 laser.  
As for the primary component (1M), in the hemisphere contralateral to the side stimulated, two-source generators in secondary somatosensory cortex 
(SII)-insular and the hand area of the primary somatosensory cortex (SI) were the optimal configurations. The onset and peak latency of the two 
sources in SI and SII-insular were not significantly different. In the hemisphere ipsilateral to the stimulation, only one source was estimated in SII-
insular, and its peak latency was significantly (approximately 24 msec on average) longer than that of the SII-insular source in the contralateral 
hemisphere. Our findings suggest that SI and SII-insular are activated and that parallel activation of SI and SII-insular contralateral to the stimulation 
represents the first step in the cortical processing of C-fiber-related activities.  In addition to SI and SII-insular, cingulated cortex and medial temporal 
area (MT) around amygdala and hippocampus in bilateral hemisphere were also activated for the subsequent component, 2M. 
All components of EEG and MEG responses were significantly reduced in amplitude during mental calculation task (Distraction) and rapidly 
diminished during sleep, particularly 2M component.  These findings indicate that these regions are related to the cognitive aspect of second pain 
perception, particularly activities in cingulate cortex. 

This paper  is presented also in Symposium S11; for full paper see p. ???] 
This poster will be also presented in Symposium 11. For the full paper, see Page 49.
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Separation of simultaneously active cortical sources using SOBI 
Kevin Sauvé and Rodolfo Llinás 

Dept. of Physiology & Neuroscience; New York University School of Medicine, New York, NY,USA 

The separation of simultaneously active neural currents in the CNS has been a major challenge in analyzing MEG and EEG recordings of evoked 
sensory responses.  Here we used second-order blind source separation (SOBI), a form of independent component analysis (ICA), to separate 
simultaneously active currents in the primary somatosensory cortex of each hemisphere.   
Methods. Stimuli were presented in pairs: a single brief (2 ms) mechanical tap to each index finger.  Either both fingers were tapped simultaneously, 
or the dominant hand index finger was stimulated 2, 4, 6,... 24 ms after the nondominant finger.  Randomized sets of 5-7 identical pairs were 
presented.  After each set, subjects responded with a button press indicating whether the stimuli were perceived as “overlapping” or “sequential” in 
time.  At least 150 trials were recorded for each condition.  Six subjects were recorded.  The data were filtered 15-200 Hz, then cut so that each epoch 
lasted 190 ms (50 ms prestimulus, 140 ms poststimulus).  SOBI was performed across all trials.  Independent components were then ranked by 
signal-to-noise ratio (SNR).  For the 2 highest SNR components, trials for each stimulus condition were then separated and averaged. 
Results. In most subjects, the 2 highest SNR components exhibited a strong dipolar magnetic field over somatosensory cortex in one hemisphere.  
The temporal pattern of these sources was distinct: the source for first hemisphere stimulated was relatively stable across stimulus conditions, while 
the peak of the second source shifted in time in increments of approximately 2 ms. 
Conclusions. These results indicate that SOBI separates simultaneously active currents in each cortical hemisphere. Separation of these currents 
permits further analysis of the relative time-frequency characteristics of the evoked responses in each hemisphere. 

Participation of Secondary Somatosensory Cortex (SII) in the generation of high frequency rhythms of 
the brain: A Magnetoencephalographic study 

M. L. Stavrinou1,2, S. Della Penna1,3,4, K. Torquati1,3,4, V. Pizzella1,3,4 , C. Babiloni5,6,7, R. Franciotti1,3,4,  A. Bezerianos2, P.M. 
Rossini5,6,8, G.L. Romani1,3,4

1Institute for Advanced Biomedical Technologies- 3Department of Clinical Sciences and Bioimaging, University of Chieti, Italy; 2Department of 
Medical Physics, School of Medicine, University of Patras, Greece; 4INFM – GC Chieti, Italy;  5IRCCS ‘Centro S. Giovanni di Dio’ – FBF, Brescia, 
Italy; 6AFaR – CRCCS, Rome, Italy; 7Department of Human Physiology and Farmacology, University La Sapienza, Roma, 8Clinical Neurology – 

University Campus Biomedico, Rome, Italy 

Previous studies have address the issue of synchronization in primary somatosensory cortex (SI) as well as  in SII in the frequency range from the 
theta and up to gamma band. Our work addresses the issue of synchronization phenomena of the secondary somatosensory cortex (SII) for even 
higher frequencies. In our study we compared event related desynchronization (ERD) and synchronization (ERS) on the high frequency rhythms in 
primary (SI) and bilateral secondary (SII) somatosensory cortices of healthy volunteers by evaluating their source power changes after electrical 
stimulation of the median nerve. For the measurements, a whole-head MEG system was used. The three sources, on SI, contralateral SII (cSII) and 
ipsilateral SII (iSII) were localized based on the Equivalent Current Dipole model. The source waveforms were then reconstructed based on the 
location of each source. Oscillatory activity was quantified from the raw source waveform for each source using the Wavelet Transform. In order to 
calculate the power spectra of various frequency bands, the continuous wavelet transform (CWT) was applied to the source waveform using a 
complex Morlet mother wavelet. The power spectrum over time of each source and for the frequency band selected was then analysed for the 
detection of ERD-ERS phenomena. This analysis was carried out from 6 up to 650 Hz. Our results confirm previous findings on the high gamma 
band but show also a numerous participation of SII as well as SI in the generation of higher frequency rhythms, well above 100 Hz. 
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 Crossmodal cortical interactions in the somatosensory cortex 
R. Takino1), Y. Iguchi2), M. Nemoto2), T. Kimura3), I. Hashimoto4)

Shiraume Gakuen College1), Tokyo Institute of Psychiatry2), Tsukuba College of Technology3),
Kanazawa Institute of Technology4), Japan  

We investigated crossmodal cortical interactions between simultaneous, unilateral somatosensory and auditory stimulation in humans. 
Magnetoencephalographic responses were recorded using a 160-channel whole-head  MEG system (MEGVISION, Yokogawa, Tokyo) while subjects 
(13 males and 7 females, mean age 27.9) were presented with somatosensory (middle finger, 200 s constant-current electrical pulses,  two times 
sensory threshold), auditory (2 kHz tone bursts, 1 ms rise and fall, 5 ms plateau, 60 dB SL), and simultaneous somatosensory and auditory stimuli. 
Each condition consisted of presentation of 600 stimuli (ISI=0.8 ± 0.08 s). Difference waves (DW) were obtained by subtracting the algebraic sum of 
the unimodal responses from the bimodal somatosensory and auditory responses. Response peaks were determined by using mean square of the DW 
of selected channels over the somatosensory cortex. Crossmodal interactions were observed in the DW in 16 of 20 subjects with peak latencies 
around 45 and 60 ms. Mean squares of the DW were more than two times of the pre-trigger averaged baseline levels. In representative subjects, the 
magnetic fields of the DW showed clear dipolar patterns, suggesting enhanced activation of the primary somatosensory cortex. Our results indicate 
that the primary somatosensory cortex could be modulated by auditory stimulation. 

Unilaterally Applied Tactile Stimuli in a Frequency Discrimination Task are Represented Bilaterally in 
Primary Somatosensory Cortex 
H.–R. M. Tan1,2, A. Wühle1, C. Braun1

1University of Tübingen, Germany, 2University of Edinburgh, UK  

A common assumption about sensory cortices is that they are mostly involved in extracting characteristics of sensory input. However, recent findings 
in different modalities have revealed that memory retention and retrieval processes also exist within sensory cortices, and seem to follow a 
topographical representation. Likewise, this study supports the view that the primary somatosensory cortex plays a role in sustaining the working 
memory trace for vibratory stimuli topographically. Vibro-tactile steady-state stimulation was employed to investigate the role of the primary 
somatosensory cortex in short-term memory. Cortical responses to an interference stimulus interpolated between two tactile stimuli that had to be 
compared with respect to their frequency were studied and the somatotopical influence of this interference on subjects’ discrimination accuracy was 
examined. Specifically, the stronger the interaction between the brain activities elicited by the interference stimuli and the stimuli to be discriminated, 
the less accurate was the discrimination performance. The influence of the interference stimulus manifested itself in terms of the finger distance the 
interference stimulus was located away from the digit experiencing the comparison stimuli (i.e. the closer the interference was to the site of 
comparison stimuli presentation, the stronger was its effect), and also in terms of the influence it had on the hemisphere responsible for encoding the 
first comparison stimulus. Interestingly, discrimination stimuli evoked bilaterally activated primary somatosensory cortex in response to unimanual 
tactile stimulation whereas the interference stimulus only revealed unihemispheric activity. Neural sources of uni- and bilateral activation could be 
located in primary somatosensory cortex. 
Research was supported by the Deutsche Forschungsgemeinschaft SFB 550 project C6. H.-R.M. Tan was supported by the Max Planck Gesellschaft. 
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Effects of temporary ligation of the internal artery on the low- and high-frequency somatic evoked 
potentials in the swine 

Yaozhi Wang, Gregory Hosler, and Yoshio C. Okada 
Department of Neurology, University of New Mexico School of Medicine, Albuquerque, NM 87111, USA 

We studied the effects of temporary bilateral ligation of the internal carotid on the thalamic cortical input and cortical responses by examining the 
low- and high-frequency signals in the somatic evoked potentials in the primary somatosensory cortex of the juvenile piglets in vivo. The averaged 
somatic evoked potentials in the frequency range of 1-3000 Hz were measured in the somatosensory cortex with a multichannel electrode array 
before, during and after a 20 minutes bilateral ligation of the internal carotid artery under a barbiturate anesthesia. The ligation increased the latency 
and reduced the amplitude of the short-latency cortical component (7-9ms) of the low frequency signal below that is reflected in the conventional 
somatic evoked potentials recording. The longer-latency components also showed a temporary delay in latency, which returned to normal value after 
ligation, but their amplitudes were in the majority of the cases reduced compared to the control. The high frequency signals showed that the ligation 
reduced the amplitude and increased the latency of the presynaptic thalamocortical inputs, and the nomo- and polysynaptic cortical responses during 
the ligation, but the effects were strongest on the polysynaptic responses. After the ligation was released, the di- and polysynaptic components 
showed poor recovery. The high temporal resolution provided by the high frequency signals enabled us to determine the differential effects of the 
ligation on the thalamcorical input and the mono- and polysynaptic cortical responses during the rising phase and peak of the initial cortical responses 
seen in the low frequency signal that is reflected in the conventional wideband somatic evoked potentials. The high frequency signal appears to be 
useful for distinguishing selective effects of an experimental manipulation on the initial cortical responses in the somatosensory cortex. 
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